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INTRODUCTION 

Neurofibromatosis  type  1  is  a  common  autosomal  dominant  tumor-susceptibility  disorder. 

Virtually  every  affected  individual  develops  benign  cutaneous  neurofibromas,  while  the  development  of 
other  tumors  such  as  plexiform  neurofibromas,  malignant  myeloid  disorders,  and  neurofibrosarcomas  are  a 
less  common  complication  (Friedman  and  VM,  1999;  Shannon  et  al,  1994).  The  subject  of  this  research 
project  is  to  investigate  the  genetic  mechanisms  and  pathology  underlying  both  germline  and  somatic 
microdeletions  involving  the  NF1  gene.  Two  hypotheses  will  be  tested.  In  1994,  we  hypothesize  that  the 
early  age  at  onset  of  cutaneous  neurofibromas  observed  in  patients  with  a  germline  NF I  microdeletion 
(Kayes  et  al ,  1994;  Kayes  et  al,  1992;  Leppig  et  al,  1997;  Leppig  et  al,  1996)  was  caused  by  co¬ 
deletion  of  NF1  and  a  gene  that  potentiates  neurofibromagenesis  (NPL).  To  test  this  hypothesis,  we  will 
ascertain  additional  deletion  patients,  construct  a  fine  map  of  the  region,  map  each  patient’s  deletion 
breakpoints,  and  look  for  genotype/phenotype  correlations.  Secondly,  children  with  NF1  are  at  increased 
risk  of  malignant  myeloid  disorders  (Miles  et  al,  1997;  Mulvihill,  1994;  Shannon  et  al.,  1994).  Among 
such  cases,  approximately  50%  of  the  primary  leukemic  cells  showed  loss  of  constitutional  heterozygosity 
(LOH)  at  the  NF1  locus  (Shannon  et  al,  1994).  We  recently  identified  a  patient  whose  LOH  resulted 
from  the  novel  somatic  rearrangement  of  interstitial  isodisomy,  presumably  due  to  double  mitotic 
recombination.  The  novelty  of  this  rearrangement  led  us  to  hypothesize  that  it  may  be  a  frequent 
mechanism  of  LOH  at  the  NF1  locus  and/or  contribute  directly  to  leukemogenesis.  To  test  this  hypothesis, 
we  proposed  to  ascertain  additional  patients,  map  the  loci  on  chromosome  17  that  showed  LOH,  determine 
parental  origin  of  allelic  loss,  and  determine  the  underlying  molecular  mechanism  of  the  somatic 
rearrangements  and  their  contribution  to  malignancy. 


BODY 

We  posited  two  hypotheses  in  this  research  project: 

1  Deletion  of  a  critical  region  contiguous  to  the  NF1  gene  predisposes  to  an  early  onset  and/or  large 
numbers  of  cutaneous  neurofibromas. 

2.  A  novel  chromosomal  rearrangement  in  a  precursor  cell,  which  results  in  somatic  uniparental 
disomy  of  the  NF1  region,  may  be  a  frequent  even  that  contributes  to  development  of  malignant 
myeloid  disorders  in  NF  1  patients. 

Technical  Objective  1.  To  identify  additional  patients  with  large  germline  NF1  deletions. 

The  timeline  for  accomplishing  Objective  1  was  altered  for  two  important  reasons.  We  chose  to 
first  focus  on  and  complete  Objective  2  and  3  (see  below)  because  samples  were  available  earlier  than 
expected  and  the  results  were  so  exciting.  In  addition,  the  identification  of  multiple  low  copy  repeat 
elements  flanking  the  NF1  gene  (see  Objective  2)  presented  serious  unanticipated  problems  in  choosing 
markers  5’  and  3’  of  NF1  for  gene  dosage  assay.  The  rational  and  optimal  design  of  primers  for  single 
copy  loci  for  gene  dosage  assays  depended  upon  completing  our  mapping  and  sequence  analysis  of  all  the 

repeats. 

Task  1  (months  1-6):  Develop  and  optimize  an  NF1  gene  dosage  PCR  assay  for  detecting  deletions  at  the 
5'  end  of  the  gene. 

Our  previous  PCR  gene  dosage  assay  for  exon  32  of  the  NF1  gene  was  performed  manually  with 
radioactive  labeling,  co-amplification  of  cloned  control  sequences,  gel  electrophoresis,  and  product 
quantitation  by  phosphorimage  analysis.  To  bypass  the  significant  time  required  to  construct  and  clone  the 
proper  control  sequences  for  each  locus,  and  the  time  consuming  aspects  of  the  assay,  we  developed  an 
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automated  fluorescent  PCR  gene  dosage  assay  that  can  quickly  be  adapted  for  NF1  or  even  anonymous  loci 
across  the  deleted  region. 

Automated  gem  dosage  assay.  The  first  automated  assay  we  developed  was  using  the  ABI 7700 
instrument.  The  accumulation  of  PCR  product  during  amplification  can  be  quantitated  by  measuring  the 
increase  in  fluorescence  of  a  dye  such  as  SYBR  green  I  when  bound  to  double-stranded  DNA.  Real-time 
detection  of  PCR  is  accomplished  with  the  use  of  an  ABI  sequence  detection  system  7700,  which  has  a 
built-in  thermal  cycler.  Fluorescence  emissions  are  guided  through  96  individual  fiber  optic  cables  after 
excitation  by  a  laser  and  detected  by  a  CCD  camera.  The  amount  of  SYBR  green  fluorescence  is 
compared  to  an  internal  passive  reference,  ROX,  during  each  PCR  cycle.  During  the  initial  cycles  of 
amplification,  little  or  no  change  in  fluorescence  is  detected,  which  represents  a  baseline.  When  the 
fluorescence  signal  reaches  a  fixed  threshold  above  the  baseline,  a  fractional  CT  (threshold  cycle)  can  be 
determined.  The  comparison  of  CT  values  between  a  control  disomic  locus  and  a  target  locus  can  be  used 
to  determine  the  relative  quantity  or  starting  copy  number  of  a  given  template. 

We  have  developed  a  SYBR  green  gene  dosage  assay  to  detect  NF1  microdeletions  from  genomic 
DNA..  Primers  designed  to  amplify  a  55  bp  fragment  of  exon  32  of  the  NF1  gene  and  another  set  specific 
to  a  53  bp  segment  of  exon  8  of  the  LIS1  (Lisencephaly  1)  locus  are  used  to  determine  the  copy  number  of 
the  NF1  gene.  LIS1  is  used  as  the  disomic  control  because  all  living  individuals  would  be  disomic  at  this 
locus.  To  determine  whether  a  patient  is  disomic  or  monosomic  for  NF1,  a  comparative  CT  calculation  is 
made.  First,  the  difference  of  CT  values  for  LIS1  and  NF1  is  determined  for  a  sample  known  to  be  disomic 
for  NF1 .  Second,  the  same  calculation  is  made  for  an  “unknown”  sample.  These  “difference”  values  are 
used  in  the  standard  formula,  2'AACT  (Figure  1-1.).  Values  near  0.5  would  represent  NF1  monosomy,  while 
values  approaching  1.0  would  designate  disomy.  We  have  established  reference  ranges  for  monosomy 
ranging  from  0.35  to  0.65  and  disomy  from  0.85  to  1.15.  A  sample  of  the  ABI  SDS  7700  data  output  and 
comparative  CT  calculation  for  the  NF 1  exon  32  assay  is  shown  in  Figure  1-1 . 

The  second  automated  gene  dosage  assay  employed  the  LightCycler  instrument,  which  we  found 
required  fewer  replicate  samples  and  was  better  at  quantitation  of  copy  number  for  the  intermediate  or 
mosaic  cases  (see  below).  Our  exciting  research  on  NF1  microdeletion  was  instrumental  in  the  Division  of 
Medical  Genetics  purchasing  the  LightCycler  instrument.  Real-time  detection  of  PCR  product  is 
accomplished  by  the  LightCycler™  ,  which  measures  fluorescence  by  exciting  a  fluorophore  with  a  light- 
emitting  diode  and  detecting  the  emitted  flourescent  light.  At  the  end  of  each  amplification  cycle,  the 
amount  of  flourescence  is  measured,  recorded,  and  plotted  in  an  amplification  curve.  Figure  1-2  displays 
the  amplification  curves  for  five  samples  that  were  used  to  generate  the  standard  curve  below.  The 
LightCycler™  software,  using  the  second  derivative  maximum  algorithm,  calculates  a  fractional  cycle  or 
"crossing  point"  (Cp)  value  at  which  the  rate  of  fluorescence  increase  is  the  fastest.  This  is  typically  the 
cycle  when  the  fluorescence  rises  above  background.  The  Cp  values  from  a  set  of  external  DNA  standards 
of  known  copy  number  analyzed  with  each  set  of  unknown  reactions  are  used  to  construct  a  standard  curve. 
The  starting  copy  number  of  unknown  samples  can  be  determined  by  simply  plotting  their  respective  Cp 
values  on  the  standard  curve  (Figure  1-2). 

Based  on  our  map  of  the  NF  1  region  and  the  identification  of  single  copy  loci,  we  chose  3  loci  that 
were  5s  to  NF1  and  3  loci  3’  to  NF1  to  convert  into  gene  dosage  assays.  From  these,  the  loci  FB12A2 
(5’)and  N25049  (3’)  were  was  optimal  for  technical  reasons  and  because  they  were  located  the  closest  to 
the  NF1  gene.  A  sample  of  the  results  of  gene  dosage  assays  for  FB12A2,  NF1  exon  32,  and  N25049  for 
10  known  microdeletion  patients  is  shown  in  Figure  2-2.  All  loci  gave  gene  dosage  values  near  1 .0  for 
normal  control  individuals.  These  are  the  3  assays  that  are  currently  being  used  to  test  our  NF1  patient 
population  for  deletions  (see  below). 

Task  2  (months  4-7):  assay  the  ~1 05  DNA  samples  currently  in  the  lab  for  3'  NF1  deletions. 

We  began  screening  our  collection  of  NF  1  patients  and  have  identified  5  patients  with  NF  1 
microdeletions.  This  screening  was  performed  using  the  manual  NF1  PCR  gene  dosage  assay  developed  in 
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my  laboratory.  These  5  patients  were  included  in  our  detailed  deletion  analysis  described  in  Objective  2.  A 
manuscript  detailing  both  the  gene  dosage  PCR  assays  and  the  patient  phenotypes  was  submitted  (K. 
Maruyama,  M.  Weaver,  K.A.  Leppig,  R.  Farber,  A.  Aylsworth,  Michael  Dorschner,  J.  Ortenberg,  A. 
Rubenstein,  L.  Immken,  E.  Haan,  C.  Curry  and  K.  Stephens.  Quantitative  PCR  gene  dosage  assay  for 
detection  of  NF1  contiguous  gene  deletions).  However,  the  manuscript  reviewers  did  not  like  having  both 
gene  dosage  and  clinical  data  in  one  manuscript.  We  think  this  is  critical  to  understanding  the  results.  This 
manuscript  is  not  being  re-written  for  submission  to  another  journal.  In  summary,  30  patients  with  early 
onset  neurofibromas,  atypical  facial  features,  mental  retardation,  and/or  other  findings  suggestive  of  a 
contiguous  gene  deletion  were  screened  with  a  gene  dosage  assay  of  NF1  exon  32.  The  assay  predicted 
that  21  patients  were  disomic  at  NF1,  6  monosomic  at  NF1,  and  3  were  of  "intermediate"  NF1  zygosity. 
Fluorescent  in  situ  hybridization  and  somatic  cell  hybrid  analyses  provided  physical  confirmation  that  the  6 
apparent  monosomic  patients  were  deleted  for  about  1-2  Mb,  which  spanned  an  entire  NF1  allele  and 
contiguous  flanking  regions.  Clinical  features  and  photographs  of  the  patient’s  facies  document  their 
phenotypes.  The  patients  with  “intermediate  NF1  zygosity”  are  currently  being  analyzed  by  the  more 
sensitive  gene  dosage  assays  to  determine  if  they  are  mosaic  for  an  NF1  microdeletion. 

Task  3  (months  1-25):  Obtain  pathological  tissue  samples  or  purified  DNA  from  NF1  clinic  patients: 
perform  the  5'  and  3'  NF1  gene  dosage  PCR  assays  for  all  samples;  calculate  the  NF1  gene  dosage  to 
identify  deletion  patients. 

We  are  currently  completing  this  task.  It  was  necessary  to  delay  the  development  of,  and 
subsequent  screening  with,  the  gene  dosage  assays  for  FB12A2,  NF1  exon  32,  and  N25049  due  to  the 
complexity  of  repeated  sequences  in  the  region.  In  addition,  we  discovered  that  it  was  necessary  to  re¬ 
purify  all  of  the  DNA  sample  to  get  optimal  assay  results.  We  are  currently  screening  about  200  patient 
from  our  NF 1  population  with  each  assay  using  the  LightCycler  as  described  above.  We  anticipate  that 
this  major  screening  effort  will  be  complete  by  the  end  of  November,  2000. 

The  results  of  assay  of  NF  1  exon  32  in  54  patients  are  intriguing.  In  these  cases,  42  (77%) 
patients  are  predicted  to  be  disomic  at  exon  32  of  NF1,  2  (4%)  monosomic,  and  1 1  (20%)  of  intermediate 
zygosity”.  Patients  showing  “intermediate  zygosity”  values  will  be  re-assayed  and  analyzed  further.  These 
patients  may  represent  deletion  mosaics.  This  is  quite  possible  based  on  the  gene  dosage  value  of  0.7 
obtained  from  the  one  documented  deletion  mosaic  patient  identified  to  date  (see  below). 

Task  4  (months  20-25):  Determine  the  frequency  of  NF1  deletions.  Write  a  manuscript  on  deletion 

screening  protocol  and  frequency. 

Upon  completion  of  Task  3,  we  anticipate  two  manuscripts  regarding  the  frequency  of  NF1 
deletions.  One  will  address  the  frequency  and  phenotype  of  patients  with  germline  deletions.  In  addition, 
our  preliminary  work  suggests  that  there  may  be  a  significant  number  of  patients  that  are  mosaic  for  NF  1 
deletions. 


Technical  Objective  2:  Identify  a  critical  deletion  region  associated  with  early  onset  of 
neurofibromas. 

Manuscripts  appended  describing  the  final  results  of  Obiective  2  studies; 

1 .  Shen  S,  Battersby  S,  Weaver  M,  Clark  E,  Stephens  K,  Harmar  AJ.  2000.  Refined  mapping  of  the 
human  serotonin  transporter  (SLC6A4)  gene  within  17ql  1  adjacent  to  the  CPD  and  NF1  genes. 

Eur  J  Hum  Genet  8:75-78. 

2.  Dorschner  MO,  Sybert  VP,  Weaver  M,  Pletcher  BA,  Stephens  K.  NF1  microdeletion  breakpomts  are 
clustered  at  flanking  repetitive  sequences.  Hum  Mol  Genet  9:35-46,  2000. 
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All  of  the  following  tasks  were  completed.  The  results  are  described  in  (Dorschner  et  al.,  2000),  (Shen  et 
al.,  2000),  and  below. 

Task  1  (months  1-12):  Map  the  location  of  additional  loci  to  the  NF1  region  by  somatic  cell  hybrid 
analysis;  identify  any  physical  intervals  that  lack  markers. 

Task  2  (month  13-14):  Write  a  manuscript  describing  the  physical  map  of  the  NF1  region;  assess  the  need 
for  identification  and  mapping  of  new  marker  loci  to  certain  physical  intervals.  If  necessary, 
obtain  YACs,  PACs,  cosmids  of  the  intervals. 

Task  3  (months  14-20):  Perform  FISH  to  confirm  that  the  large  physical  clones  map  to  the  interval  of 
interest.  Make  a  plasmid  library,  screen  for  single  copy  clones,  sequence,  and  design  primers  to 
map  new  markers  on  somatic  cell  hybrid  panels  to  the  critical  interval. 

Task  4  (months  1-30):  Construct  hybrid  cell  lines  from  lymphoblasts  of  newly  identified  deletion  patients; 

delineate  the  extent  of  the  deletions  by  genotyping  of  regional  markers  on  hybrid  lines. 

Task  5  (months  20-36):  Determine  if  there  is  a  correlation  between  deletion  extent  and  age  of  onset  of 

neurofibromas;  write  a  manuscript  of  study  results;  assess  whether  an  NF1  gene  dosage  PCR  assay 
or  FISH  assay  to  detect  deletion  of  the  critical  region  has  sufficient  predictive  value  to  warrant 
development  of  a  diagnostic  test. 

Tasks  1-2.  3,  4.  To  accomplish  this  objective  and  identify  a  critical  deletion  region  associated  with  early 
onset  of  neurofibromas,  it  was  essential  to  construct  a  physical  map  of  the  NF1  region  that  was  involved  in 
the  deletion.  Therefore,  significant  effort  was  committed  to  map  construction.  Our  progress  in  this 
objective  is  best  depicted  graphically.  Figure  2-1  shows  the  state  of  the  1st  generation  physical  map  we  had 
constructed  in  1997,  when  the  grant  application  was  submitted.  The  2nd  generation  map  was  published  in 
the  year  2000  (Dorschner  et  al.,  2000).  The  current  status  of  the  map  (3rd  generation)  is  shown  in  Figure 
2-2.  Construction  of  this  map  required  the  work  outlined  in  Tasks  l,2,3,and  4;  details  of  our  results  were 
published  (Dorschner  et  al.,  2000).  In  addition,  details  of  map  construction  centromeric  to  the  NF1 
deletion  region  were  published  elsewhere  (Shen  et  al.,  2000). 

Tasks  4  and  5.  This  physical  map  facilitated  our  mapping  of  the  deletion  breakpoints  in  somatic  hybrid 
cell  lines  carrying  the  deleted  chromosome  17  for  each  of  21  unrelated  patients.  As  detailed  in  our 
manuscript  (Dorschner  et  al.,  2000)  and  including  additional  patients,  the  centromic  and  telomeric  deletion 
breakpoints  of  17  (80%)  patients  were  clustered  in  low  copy  repeat  elements  that  we  termed  NFIREPs. 
These  elements  are  -75  kb  in  length,  share  >97%  sequence  identity,  and  are  in  direct  orientation  as  shown 
in  the  abbreviated  map  in  Figure  2-3.  In  these  patients,  the  deletions  were  1 .5  Mb  in  length.  We  proposed 
that  these  deletions  arose  by  homologous  recombination  between  the  proximal  element,  NF1REP-P,  and  the 
medial  element,  NF1REP-M  (Dorschner  et  al.,  2000).  Recombination  could  occur  by  unequal  sister 
chromatid  exchange  or  by  intrachromosomal  “looping  out”.  The  remaining  4  patients  had  at  least  one 
breakpoint  outside  of  an  NF1REP  element;  one  (UWA1 13-1)  had  a  smaller  deletion  thereby  narrowing  the 
critical  region  harboring  the  putative  neurofibroma-potentiating  locus  (NPL)  to  1  Mb  (Dorschner  et  al., 
2000).  The  physical  features  of  the  17  NF1  microdeletion  patients  were  summarized  (Dorschner  et  al., 
2000).  All  patients  showed  an  early  onset  of  cutaneous  neurofibromas  or  excessive  number  of  such  tumors 
in  adults  in  whom  the  age  at  onset  could  not  be  determined.  There  were  no  obvious  differences  detected 
between  the  features  present  in  those  individuals  with  the  common  NF1  deletion  and  the  three  with  deletions 
of  different  lengths.  No  single  feature  was  present  or  absent  consistently  within  either  group.  The  location 
of  the  putative  NPL  gene  was  narrowed  to  an  interval  of  1  Mb  between  FB12A2  and  SH3GLP1,  as  defined 
by  the  deletion  of  patient  UWA1 13-1  (Dorschner  et  al.,  2000).  This  critical  region  is  known  to  harbor  4 
genes,  2  pseudogenes,  and  7  ESTs. 

Consistent  with  our  observations  it  was  possible  that  the  NPL  locus  was  interrupted  by  the 
breakpoints  of  the  17  clustered  deletions  and  completely  deleted  in  the  remaining  patients.  For  this  reason, 
and  for  an  understanding  of  how  these  deletions  occur,  it  was  important  to  map  the  breakpoints  in  the 
NF1REP.  Our  strategy,  outlined  in  Figure  2-4,  was  to  design  primers  about  every  10  kb  using  the  known 
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sequence  of  NF1REP-P,  amplify  and  sequence  the  deleted  chromosome  of  the  patients  and  search  for 
sequence  differences  that  suggest  we  had  “walked”  into  NF1REP-M.  Simultaneously,  we  were  sequencing 
BACs  harboring  the  NF1REP-M.  This  strategy  was  successful  and  we  identified  two  paralogous 
recombination  sites  (PRS;  see  Figure  2-5).  Four  recombination  events  occurred  at  PRS-1,  while  13 
occurred  at  PRS-2.  Sites  PRS-1  and  -2  were  3  and  6  kb  in  length,  respectively,  and  located  about  20  kb 
apart  within  the  NFIREPs.  Therefore,  deletions  occurred  by  homologous  recombination  between  PRS  m 
each  REP  as  shown  in  Figure  2-5.  Breakpoints  at  the  PRS-2  were  analyzed  in  detail  using  single 
nucleotide  polymorphisms  (SNP)  specific  for  NF1REP-P  and  -M  that  we  identified  by  sequence  analysis 
of  patients  and  normal  controls.  In  Figure  2-5A,  the  black  bar  represents  the  region  in  which  the 

recombination  occurred  between  NF1REP-P  (green)  and  NF1-REP-M  (hatched  green).  Eight  of  rune 

recombinations  occurred  in  a  2  kb  region  near  two  GA  rich  regions  (blue).  We  speculate  that  these  regions 
may  predispose  the  region  to  recombination  via  changes  in  secondary  structure.  The  unusual  pattern  for 
patient  UWA156-1  shown  in  Figure  2-5 A  is  most  likely  due  to  gene  conversion,  which  occurred  during  the 
double  strand  break  repair.  No  genes  were  found  at  or  near  the  breakpoints  in  the  NF1REP.  It  is  notable 
that  despite  ~  50  kb  of  near  identical  DNA  sequence  between  the  two  NF  IREPs,  the  breakpoints  occur 
preferentially  at  PRS-1  and  -2.  Figure  2-6  shows  a  cartoon  comparing  the  structures  of  NF1REPS-P  and 
-M  and  the  location  of  the  PRS. 

We  have  also  identified  additional  low  copy  repeats  in  the  NF1  region  that  facilitate  deletions  m 
two  other  important  patients  (Figure  2-7).  First,  NF1REP-P2,  the  second  proximal  paralogs,  is  located 
near  the  NF1  gene.  The  deletion  of  patient  UWA1 13-1  occurred  by  recombination  between  NF1REP-P2 
and  -M.  Based  on  this  smallest  deletion,  we  narrowed  the  location  of  NPL  as  detailed  above.  Because  this 
was  based  on  a  single  case,  it  was  important  to  demonstrate  that  this  conclusion  was  valid.  Our  findings 
above  validate  our  narrowing  of  the  NPL  region  by  demonstrating  that  the  deletion  in  UWA1 13-3  was  a 
simple  deletion  of  contiguous  sequences,  rather  than  a  complex  rearrangement.  Second,  two  repeats  whose 
sequences  are  unrelated  to  NF1REP  have  been  identified;  these  are  shown  as  blue  boxes  adjacent  to 
NF1REP-P1  and  -M  (Figure  2-7).  These  are  the  site  of  the  somatic  deletion  breakpoint  in  an  NF1  patient. 
This  patient  had  no  findings  of  the  disorder  until  her  mid-20s  when  she  had  a  dramatic  and  rapid  onset  of 
hundreds  of  cutaneous  neurofibromas.  Delayed  onset  would  be  predicted  in  a  patient  who  is  mosaic  for  an 
NF1  microdeletion.  These  data  provide  strong  support  for  our  hypothesis  that  co-deletion  of  NF1  and  the 
putative  NPL  gene  exacerbates  neurofibromagenesis.  By  age  80,  this  patient  was  virtually  covered  with 
tumors. 

During  the  construction  of  the  physical  map  of  the  NF1  deleted  region,  we  also  identified  other 
NF1REP  elements  in  the  genome.  The  location  of  these  elements  is  depicted  in  Figure  2-8.  The  homology 
of  NF1REP-D  at  17q24  to  other  elements  is  shown  in  Figure  2-6. 

Task  5.  Three  lines  of  evidence  show  a  correlation  between  deletion  extent  and  age  of  onset  of 
neurofibromas:  the  germline  deletion  patients  we,  and  others,  have  analyzed  (Correa  et  al.,  1999, 
Dorschner  et  al.,  2000),  the  mosaic  deletion  patient  we  identified  with  delayed  onset  of  cutaneous 
neurofibromas,  and  a  single  patient  with  a  deletion  confined  to  NF1  that  does  not  show  early  tumor  onset 
(Correa  et  al.,  1999).  The  correlation  between  early  age  at  onset  of  neurofibromas  and  microdeletion  can, 
at  this  time,  only  apply  to  those  patients  that  are  known  to  have  NF1  REP -mediated  deletions.  This 
indicates  that  FISH  with  an  NF1  probe,  which  is  being  offered  at  some  institutions  as  a  diagnostic  test,  is 
probably  not  very  specific.  In  collaboration  with  Dr.  Eric  Legius  (University  Hospital  Gasthuisberg, 
Leuven,  Belgium),  we  have  developed  oligonucleotide  primers  for  amplification  of  deletion  breakpoint 
junctions  that  occur  in  a  portion  of  the  PRS-2.  In  addition,  Dr.  Dorschner  in  my  laboratory  has  developed 
primers  for  specific  amplification  of  junction  fragments  for  deletions  anywhere  in  PRS-1  and  in  PRS-2. 
Further  work  to  confirm  the  sensitivity  and  specificity  of  these  assays  is  needed  before  they  can  be  used  for 
clinical  diagnostic  testing.  In  addition,  we  need  to  complete  the  screening  of  non-selected  NF1  patients  by 
gene  dosage  PCR  (Objective  1)  and  with  the  PRS-1  and  -2  specific  assays  to  determine  if  some  patients 
carrying  deletions  present  with  conflicting  phenotype.  Furthermore,  we  do  not  know  if  these 
rearrangements  may  occur  in  the  blood  cells  of  normal  individuals.  Therefore,  while  our  results  are 
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exciting  and  we  hope  that  our  work  will  provide  a  basis  for  a  rapid,  sensitive  and  specific  test  for  NF1 
patients,  the  scientific  groundwork  for  such  a  test  has  yet  to  be  firmly  laid. 


Technical  Objective  3:  To  determine  if  somatic  uniparental  disomy  (UPD)  of  the  NFI  region  is  a  frequent 
event  in  leukemic  tumor  tissue  and  to  investigate  somatic  mechanisms  of  uniparental  disomy. 

Manuscripts  appended  describing  the  final  results  of  Obiective  3  studies: 

1.  Stephens  K,  Weaver  M,  Leppig  KA,  Maruyama  K,  Emanuel  PD,  Davis  EM,  Espinosa  III  R,  Le 
Beau  MM,  Shannon  KM.  Tumor  suppressor  inactivation  by  double  mitotic  recombination  at 
clustered  breakpoint  intervals.  Nature  Genet,  submitted. 

This  manuscript  has  been  provisionally  accepted  as  an  article  in  Nature  Genetics  pending  our 
responses  to  the  reviewers  and  editor.  Responses  and  revisions  have  been  submitted  and  are 
currently  under  review.  The  appended  manuscript  is  the  revised  version  currently  under 
consideration. 

2.  Cooper  LJN,  Shannon  KM,  Loken  MR,  Weaver  M,  Stephens  K,  Sievers  EL.  Evidence  that  juvemle 
myelomonocytic  leukemia  can  arise  from  a  pluripotential  stem  cell.  Blood  96:2310-2313,  2000. 

Task  1  (months  1-12):  Obtain  additional  tumor  samples  and  determine  their  NFI  gene  dosage  by  the  gene  dosage 
PCR  assay;  confirm  by  NFI  FISH  that  tumors  predicted  to  undergo  LOH  by  UPD  have  two  NFI  alleles,  while 
those  predicted  to  result  from  LOH  by  deletion  have  one  NFI  allele;  determine  the  frequency  of  UPD-LOH. 

Leukemic  tissues  from  1 0  additional  children  with  NF 1  who  also  developed  malignant  myeloid  disease  were 
obtained.  This  was  a  significant  accomplishment  for  these  rare  cases,  which  have  an  incidence  in  the  United  States 
of  about  10/yr.  To  determine  the  zygosity  of  NFI,  the  tumors  were  analyzed  by  an  NFI  gene  dosage  assay 
developed  in  this  lab  and  by  interphase  FISH  of  cryopreserved  bone  marrow  (Stephens  et  al.,  submitted).  The 
frequency  of  UPD-LOH  (later  termed  isodisomy)  was  80%  (n=10),  with  20%  of  cases  cause  by  deletion. 

Task  2  (months  10-25):  Map  the  extent  of  each  uniparental  disomy  region;  assay  normal  tissue  for  mosaicism  for 
the  UPD  of  the  NFI  region;  write  a  manuscript  addressing  mechanisms  of  UPD-LOH. 

The  patterns  of  LOH  at  chromosome  17  loci  were  analyzed  to  gain  insight  into  the  mechanisms  leading  to  allelic 
loss  of  NFI  in  primary  leukemia  cells  of  NFI  children.  Our  analyses  showed  that  LOH  occurred  by  two  distinct 
mechanisms,  each  of  which  resulted  in  loss  of  the  normal  NFI  allele.  Eighty  percent  (n— 10)  of  leukemias  with 
LOH  resulted  from  isodisomy  (called  UPD-LOH  in  the  original  application)  for  a  >60  Mb  chromosomal  segment 
harboring  a  defective  NFI  allele.  In  at  least  4  of  these  cases,  we  were  able  to  prove  unambiguously  that  the 
isodisomic  segment  (UPD)  was  interstitial  to  the  chromosome  17q  arm.  Two  cases  resulted  from  interstitial 
deletion.  Therefore,  we  found  that  isodisomy  for  NF  1  and  the  majority  of  chromosome  17  is  the  predominant 
mechanism  (80%),  with  20%  of  cases  due  to  1-2  Mb  interstitial  deletion  (Stephens  et  al.,  submitted). 

Unexpectedly,  both  the  centromeric  and  telomeric  LOH  breakpoints  were  clustered  at  the  same  marker  intervals. 

This  is  the  first  report  of  interstitial  isodisomy  at  common  breakpoints  as  a  mechanism  of  LOH  in  any  tumor. 
We  propose  that  interstitial  isodisomy  arose  by  a  double  mitotic  recombination  event  between  non-sister  chromatids 
during  the  S/G2  phase  of  the  cell  cycle  of  an  ancestral  cell.  The  clustering  of  the  both  LOH  breakpoints  suggests 
the  existence  of  recombination-prone  sequences  in  these  regions  of  chromosome  17.  While  functional  inactivation 
of  neurofibromin  is  apparently  sufficient  for  the  myeloproliferative  phenotype,  these  data  suggest  a  putative  role  of 
modifying  locus  on  chromosome  17  that  may  contribute  to  the  development  of  leukemia.  This  locus  may  be  low 
copy  number  repeat  sequences  that  facilitate  the  homologous  mitotic  recombination  events  leading  to  LOH 
(Stephens  et  al.,  submitted). 

Our  analyses  of  an  additional  patient  support  the  hypothesis  that  JMML  can  arise  in  a  pluripotent  hematopoietic 
cell  We  have  also  mapped  the  LOH  region  in  different  tissues  from  a  child  with  juvenile  monomyelocytic  leukemia 
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(JMML),  who  later  developed  a  T  cell  lymphoma.  We  demonstrated  that  the  mechanism  of  LOH  was  by  an 
interstitial  deletion  and  that  the  LOH  regions  were  identical  in  length  in  the  B  cells,  lymph  node,  and  sorted  cells 
from  the  node  (Cooper  et  al.,  2000).  These  data  show  that  the  malignant  JMML  and  lymphoid  cells  shared  a 
common  loss  of  genetic  material  involving  the  NF1  gene,  suggesting  that  the  abnormal  T  lymphoid  and  myeloid 
populations  were  derived  from  a  common  cell. 

Together,  these  data  prove  our  original  hypothesis  that  a  novel  chromosomal  rearrangement  in  a  precursor 
cell  that  results  in  somatic  uniparental  disomy  (or  interstitial  isodisomy)  of  the  NF1  region  is  a  frequent  event  that 
may  contribute  to  development  of  malignant  myeloid  disorders  in  NF1  patients.  The  results  of  our  studies  also 
identify  new  and  important  questions  that  should  be  addressed.  How  might  this  unusual  mechanism  of  LOH 
contribute  to  leukemia  in  children  with  NF1?  Are  the  LOH  patterns  similar  simply  because  recombination  is 
favored  in  certain  regions  or  do  they  reflect  the  expression  of  loci  or  effects  of  mutagenic  agents  that  may  contribute 
to  the  development  of  malignant  myeloid  leukemias  in  children  with  NF1  ?  Perhaps  biallelic  expression  of  a  gene 
(or  genes)  on  the  q  arm  is  essential  for  the  clonal  proliferation  of  neurofibromin-deficient  hematopoietic  cells. 
Therefore,  LOH  patterns  at  NF1  are  restricted  to  either  a  1-2  Mb  interstitial  deletion  or  a  large  isodisomic  segment 
of  the  q  aim.  This  would  predict  that  different  chromosome  17  LOH  regions  and  mechanisms  would  be  found  in 
other  NF 1  -associated  tumors,  for  example,  neurofibromas,  malignant  peripheral  nerve  sheath  tumors, 
pheochromocytomas,  pilocytic  astrocytomas.  To  date,  such  analyses  have  not  used  a  sufficient  number  of  loci  to 
test  this  prediction.  We  detected  no  correlations  between  extensive  isodisomy  or  confined  deletions  and  a  parent  of 
origin  effect,  leukemia  type,  or  disease  course.  Thus,  our  data  do  not  provide  a  simple  explanation  for  the  relative 
increase  in  the  risk  of  leukemia  in  sons  who  inherit  NF1  from  their  mothers(Miles  et  al,,  1997).  No  imprinted  genes 
are  known  to  map  to  human  chromosome  17  nor  on  mouse  chromosome  1 1,  which  carries  all  the  syntenic 
sequences  with  the  exception  of  a  handful  of  loci  that  are  scattered  among  other  mouse  chromosomes  (Beechey  et 
al.,  2000).  Recently,  noncontiguous  loci  showing  LOH  were  observed  in  a  kidney  cell  line  treated  with  hydrogen 
peroxide,  suggesting  that  oxidative  damage  can  induce  complex  LOH  patterns  that  are  unrelated  to  tumor 
suppressor  gene  inactivation  (Turker  et  al.,  1999).  Whether  oxidative  damage  increases  the  mitotic  recombination 
rate  or  plays  a  role  in  development  of  the  leukemias  studied  here  is  unknown. 

Our  results  have  several  broad  implications  for  NF1  and  other  human  tumors.  First,  interstitial 
isodisomy  may  be  a  frequent  but  previously  unrecognized  mechanism  in  human  cancers.  The  apparent 
clustering  of  both  isodisomic  and  deletion  breakpoints  implies  the  presence  of  regions  prone  to  mitotic 
recombination.  Second,  sequence  analysis  and  tissue  specificity  of  such  putative  hotspots  would  contribute 
significantly  to  the  poorly  understood  mechanism  of  mitotic  recombination  in  mammals.  Third,  the 
functional  consequences  of  interstitial  isodisomy  versus  interstitial  deletion  is  basically  mono-allelic  versus 
or  bi-allelic  expression  from  a  locus  (loci),  other  than  the  tumor  suppressor  gene  itself,  which  could 
significantly  affect  the  efficacy  of  putative  therapeutic  agents. 
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A.  Disomic  control  sample:  B.  Unknown  sample:  C.  Calculate  the  dosage  value; 
Lisl  Cj  -  Ex32  CT  =  0  List  CT  -  Ex32  CT:  =  1  - AACr_  Q-  (1-0)  n  ^ 
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21-21  =0 
therefore:  ACt  =  0 


21-22  =1 
therefore:  ACt  =  1 


A  dosage  value  of  .40  -.60  is  consistent  with  NF1  monosomy 
A  dosage  value  of  .85- 1 .10  is  consistent  with  NF1  disomy 

Figure  /-/  :  Data  output  and  sample  comparative  Cj  calculation.  The  panels  above  show  data 
output  from  the  AB1  SDS  7700.  Each  PCR  reaction  is  run  in  triplicate  and  an  average  Cj  is  used 

for  dosage  calculations.  The  almost  complete  overlap  of  the  amplification  curves  demonstrates 
the  reproducibility  of  the  reactions.  Comparison  of  the  amplification  curves  between  NF1 
disomy  and  monosomy  shows  a  shift  of  the  NF1  curve  from  left  to  right  indicating  the  addtional 
cycle(s)  required  to  reach  the  Cr  threshold  due  to  the  difference  in  A  'FI  copy  number. 
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Figure  2- 1 .  Status  of  the  physical  map  of  the  N  F 1  deleted  region  in  1 998  when  grant  application  was 
submitted. 
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Figure  2-2.  Physical  contig  of  the  AV-7  region  (see  next  page).  The  thick  black  bar  is  a  schematic  of  the 
chromosome  17ql  1.2  region  with  STS  loci  placed  above  the  bar  and  genes  and  EST  loci  below.  The  BAC.  PAC, 
and  YAC  clones  comprising  the  contig  are  shown  above:  open  elipses  arc  aligned  with  the  loci  on  the  chromosome 
schematic  and  indicate  a  positive  hit  in  the  clone:  sequenced  BAC /PAC  clones  are  indicated  with  an  asterisk. 
Vertical  bars  at  the  ends  of  BACs  represent  termini  that  were  sequenced  and  submitted  to  Genbank  and  converted 
to  amplimers.  Scale  in  Mb  is  at  the  top  of  the  figure.  The  size  and  extent  of  microdeletions  ofNFl  patients  are 
shown  below  the  chromosome:  boxes  represent  flanking  repetitive  sequences  (NF1REP)  where  the  breakpoints 
mapped. 
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Figure  2-3 :  Physical  Map  of  NFl  region 
Dotted  line  indicates  deletion  commonly 


found  in  NFl  microdeletion  patients. 


Breakpoint  mapping  strategy 
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Figure  2-4:  Breakpoint  strategy 


Paralogous  Recombination  Sites 


Figure  2-3:  Parologous  Recamblnation 
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Figure  2- 5a 
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KEY  RESEARCH  ACCOMPLISHMENTS 
InGermlineNFl  Microdeletions 

•  Identifying  the  molecular  mechanism  of  NF1  microdeletion  as  homologous  recombination  between  ~75 
kb  paralogous  repeats  (termed  NF1REPS). 

•  Identifying  discrete  recombination  hotspots  within  the  large  NFIREPs 

•  Identifying  a  common  2kb  recombination  hotspot  where  about  50%  of  NF 1  microdeletion  breakpoints 
occur. 

•  Identifying  the  first  REP-mediated  rearrangement  that  deletes  a  tumor  suppressor  gene.  This  has  broad 
implications  for  molecular  mechanisms  that  cause  neoplasia. 

•  Designing  and  developing  PCR  assays  that  detect  the  deletion  junction  breakpoints  at  the  two 
recombination  hotspots.  This  assay  will  facilitate  identifying  more  deletion  patients  for  research  and 
may  provide  the  basis  for  a  clinical  diagnostic  test. 

.  Developing  an  automated  fluorescent  quantitative  gene  dosage  assays  for  rapid  identification  of 
patients  with  NF1  microdeletions. 

.  Constructing  a  ~4  Mb  physical  map  spanning  the  germline  NF  1  microdeletion. 

.  Identifying  a  total  of  8  NFIREPs:  3  in  NF1  gene  region,  2  partial  REPS  at  17ql2,  2  partial  REPS  at 
17q21,  1  REP  at  17q24,  and  1  REP  at  19p.  These  elements  may  additional  mediate  germline  or 
somatic  rearrangements. 

In  Somatic  NF1  Rearrangements 

.  Identifying  a  novel  mechanism  of  loss  of  constitutional  heterozygosity  at  NF1  by  double  mitotic 

recombination  at  clustered  breakpoint  intervals.  This  mechanism  results  in  interstitial  isodisomy  in  the 
precursor  cell  of  the  malignant  clone. 

•  Showing  that  this  novel  LOH  mechanism  is  predominant  in  leukemias  of  children  with  NF  1  that  also 
develop  malignant  myeloid  disorders 

•  Proving  that  the  LOH  breakpoints  were  clustered  within  specific  marker  intervals. 

•  Demonstrating  that  JMML  can  arise  in  a  pluripotent  hematopoietic  cell. 

•  Identifying  an  NF  1  patient  mosaic  for  a  REP-mediated  microdeletion.  This  is  the  first  evidence  that 
such  REP-mediated  microdeletions  can  occur  in  somatic  tissue. 

•  Showing  that  the  mosaic  patient  had  delayed  onset  of  dermal  neurofibromas,  consistent  with  our 
hypothesis  that  the  microdeletions  potentiate  neurofibromagenesis. 
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Eur  J  Hum  Genet  8:75-78. 
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•  Manuscripts  in  preparation 
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9.  M.  Dorschner.  National  Neurofibromatosis  Foundation  International  Consortium  on  Gene  Cloning 
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1 1.  K.  Stephens.  American  Society  of  Human  Genetics,  Philadelphia,  October,  2000. 

“Recombination  hotspots  forNFl  microdeletions”. 

•  Invited  participant  at  meetings. 

K.  Stephens,  National  Neurofibromatosis  Foundation  International  Consortium  on  Gene  Cloning  and 
Gene  Function  of  NF1  and  NF2,  Boston,  1999 

We  developed  a  database  in  FileMaker  Pro  to  track  all  of  the  NF 1  patients  referred  for  this  research 
study.  Fields  clinical  history,  referring  physician,  tissue  available  for  study,  etc. 

We  developed  a  database  in  FreezerWorks  to  track  the  multiple  vials  of  immortalized  patient  cells  that 
are  stored  in  a  liquid  nitrogen  freezer. 

•  Cell  lines 

We  have  established  immortalized  lymphoblastoid  cell  lines  for  approximately  20  patients  and 
relatives.  In  addition,  we  constructed  somatic  cell  hybrids  carrying  each  of  a  patient's  chromosome  17s 
for  5  cases. 

•  Invention  Disclosure  _  „ 

We  have  submitted  an  Invention  Disclosure  (Form  ID-1)  with  the  Office  of  Technology  Transfer  at  the 
University  of  Washington.  Title  of  invention:  Diagnosis  of  neurofibromatosis  type  1  microdeletion 
syndrome.  Description:  Describes  the  PCR  primers  for  detection  of  the  deletion  junction  fragment  at 
site  PRS-2.  The  purpose  of  this  disclosure  is  to  allow  the  University  of  Washington  to  review  the 
putative  invention  and,  if  deemed  appropriate,  to  secure  intellectual  property  rights  and  to  fulfill 
obligations  the  University  may  have  to  external  sponsors  of  research. 

•  Funding  awarded  and  pending 

1  We  have  been  awarded  a  grant  from  the  U.S.  Army  Medical  Research  and  Materiel  Command. 
Title:  Genetic  factors  that  affect  tumorigenesis  in  NF  1 
Principal  Investigator:  Karen  Stephens 
Dates:  10-29-00  to  10-28-03 

2.  We  have  a  pending  application  to  the  U.S.  Army  Medical  Research  and  Materiel  Command 
Title:  QuEST:  A  New  Approach  to  Molecular  Staging  of  Tumors 
Principal  Investigator:  Karen  Stephens 
Dates:  9/01  to  9/03 


CONCLUSIONS  ...... 

We  have  determined  that  very  unusual  rearrangements  involving  the  NF1  gene  occur  in  both  germlme  and 

somatic  tissues  of  certain  patients.  Germline  microdeletions  of  1.5  Mb  are  caused  by  recombination  between 
repeated  elements  that  flank  the  NF1  gene.  Identification  of  these  elements  suggests  that  perhaps  a  subset  of 
individuals  are  prone  to  developing  NF1  microdeletion  due  to  individual  variation  in  size,  number,  or  complexity  of 
these  repeats  Our  data  provide  strong  support  for  a  co-deletion  of  NF1  and  a  novel  gene  that  potentiates 
neurofibromagenesis  (NPL)  and  narrow  the  chromosomal  location  of  NPL  to  a  1  Mb  interval.  We  describe  the 
larger  number  and  most  detailed  clinical  description  of  NF1  deletion  patients  to  date.  These  data  suggest  that  NF1 
microdeletion  may  be  predictive  for  an  early  age  at  onset  and  large  numbers  of  cutaneous  neurofibromas.  We  have 
designed  and  developed  PCR  primers  that  detect  the  deletion  junction  fragment,  these  will  most  likely  provide  the 
basis  for  a  diagnostic  test  for  NF1  microdeletion  syndrome.  We  have  developed  3  automated  PCR-based  gene 
dosage  assays  to  facilitate  identification  and  mapping  of  NF1  microdeletions.  In  somatic  tissues,  we  have  identified 
a  patient  who  is  mosaic  for  an  NF1  microdeletion.  This  proves  for  the  first  time  that  these  rearrangements  occur  in 
somatic  tissues  and  that  somatic  mosaicism  may  be  more  prevalent  among  NF1  patients  than  we  might  have 
predicted.  We  describe  for  the  first  time  somatic  rearrangements  tumor  cells  that  arise  by  double  mitotic 
recombination  with  clustered  breakpoints  These  rearrangements  result  in  interstitial  isodisomy  for  a  60  Mb  region 
of  chromosome  17  and  occurred  in  leukemic  tumor  cells  of  children  with  NF1  and  myeloid  dysplasia.  Because  both 
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the  germline  and  somatic  rearrangements  involve  not  only  the  NF1  gene  but  many  other  genes,  our  data  implicate 
other  elements/loci  that  play  an  important  role  in  sporadic  cases  of  NF1  and  in  somatic  loss  of  NF1  during 
leukemogenesis  and  possibly  during  other  NF1 -associated  neoplasias.  In  addition,  these  results  have  direct 
implications  for  rationale  design  of  putative  therapies. 
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A  novel  and  frequent  mechanism  of  loss  of  heterozygosity  in  malignant  myeloid  cells  of  NF1 
children:  Double  mitotic  recombination  at  common  breakpoint  intervals 
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Leukemic  cells  of  NF1  children  with  malignant  myeloid  disorders  commonly  show  loss  of 
constitutional  heterozygosity  (LOH)  at  the  NF1  gene  and  flanking  loci.  We  have  found  that  a 
novel  mechanism  of  LOH  is  employed,  which  involves  an  apparent  double  mitotic  recombination 
at  common  breakpoint  intervals.  Quantitative  PCR  and  FISH  analyses  of  leukemic  cells  revealed 
that,  despite  showing  LOH  at  NF1,  these  cells  harbor  two  NF1  alleles.  NF1  LOH  in  conjunction 
with  NF1  disomy  was  detected  in  9  out  of  1 1  cases  analyzed.  Six  of  these  cases  were  further 
studied  by  genotypic  analyses  of  loci  spanning  chromosome  17.  In  each  of  these  6  cases,  a  large 
interstitial  region  of  the  q  arm  of  chromosome  17  showed  LOH.  The  LOH  breakpoints  mapped 
to  common  intervals.  The  centromeric  LOH  breakpoint  in  5  of  6  cases  mapped  centromeric  to 
NF1  between  D17S1878  and  D17S975.  The  breakpoint  of  the  remaining  case  mapped  to  an 
adjacent  interval  bounded  by  D17S1878  and  D17S959.  Similarly,  4  of  the  6  cases  had  LOH 
breakpoints  close  to  the  telomere  in  intervals  bounded  by  D17S928  and  D17S1822/D17S1830. 
The  other  2  cases  had  breakpoints  within  this  region,  but  it  is  unclear  if  they  map  in  the  same 
interval  due  to  lack  of  informative  markers.  Together,  these  data  are  consistent  with  a  mechanism 
whereby  the  LOH  region  originated  by  a  double  mitotic  recombination  event  in  a  hematopoietic 
progenitor  cell  that  gave  rise  to  the  malignant  clone.  The  high  frequency  of  this  rearrangement  in 
leukemic  cells  of  NF1  children  implies  that  it  either  has  biological  significance,  such  as  selecting 
for  growth  of  the  malignant  clone,  or  is  favored  due  to  recombination-prone  sequences  in  specific 
regions  of  chromosome  17. 
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Double  mitotic  recombination  at  common  breakpoint  intervals  leading  to 
interstitial  isodisomy  and  LOH.  K.  Stephens1,  M.  Weaver1,  K.  Leppig1,  M. 
Maruyama1,  L  Side2,  E.  Davis3,  R.  Espinoza  III2,  M.  Le  Beau2,  K.  Shannon3.  1)  Univ  of 
Washington,  Seattle,  WA;  2)  Univ  of  Chicago,  Chicago,  IL;  3)  Univ  of  California,  San 
Francisco,  CA. 

Leukemic  cells  of  children  with  neurofibromatosis  1  (NF1)  who  develop  malignant  myeloid 
disorders  commonly  show  loss  of  constitutional  heterozygosity  (LOH)  of  the  normal  NF1  allele 
at  17q1 1 .2  and  cytogenetically  normal  chromosomes  17.  Mapping  the  LOH  region  revealed 
that  the  predominant  mechanism  is  interstitial  isodisomy.  FISH  and  quantitative  PCR  analy¬ 
ses  of  1 1  cases,  whose  bone  marrows  had  LOH  at  the  NF1  locus,  showed  that  in  8  cases 
the  leukemic  cells  were  disomic  for  NF1 ,  while  the  remaining  3  cases  were  monosomic.  In 
'ch  of  the  8  NF1  disomic  cases,  a  large  interstitial  17q  segment  had  undergone  LOH  with 
-^breakpoints  mapping  to  common  intervals.  The  proximal  LOH  breakpoints  mapped  cen- 
‘fneric  to  NF1  between  D17S1878  and  D17S975,  while  the  distal  LOH  breakpoints  were 
subtelomeric  and  bounded  by  D17S928  and  D17S1 822/DI  7S1 830.  Together  these  data 
indicate  that  the  leukemic  cells  were  isodisomic  for  an  -50  Mb  interstitial  17q  segment  which 
carried  the  mutated  NF1  allele,  thereby  resulting  in  LOH  and  functional  loss  of  NF1 .  Interstitial 
isodisomy  most  likely  arose  by  a  double  mitotic  recombination  during  the  S/G2  cell  cycle  of 
a  hematopoietic  progenitor  cell,  which  gave  rise  to  the  malignant  clone.  The  high  frequency 
and  common  recombination  breakpoint  intervals  of  these  novel  rearrangements  imply  that 
along  with  NF1,  additional  chromosome  17  loci  play  a  role  in  development  of  malignant 
myeloid  disorders  in  NF1  children,  perhaps  by  favoring  growth  of  the  malignant  clone. 
Because  cases  of  maternal  and  paternal  isodisomic  regions  were  both  observed,  genomic 
imprinting  is  unlikely  to  be  a  factor.  Bone  marrow  cells  in  the  remaining  3  cases  showed  NF1 
LOH,  NF1  monosomy,  and  small  LOH  regions  of  1  -2  Mb  spanning  the  NF1  locus,  indicating 
that  they  arose  by  small  interstitial  deletions.  These  studies  demonstrate  that  critical  genetic 
loci  and  mechanisms  underlying  neoplasia  may  not  be  detected  if  LOH  analyses  are  not  per¬ 
formed  in  conjunction  with  physical  mapping. 
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NF1  microdeletions  are  mediated  by  homologous  recombination  between  duplicons 

M.  Dorschner,  M.  Weaver,  V.P.  Sybert,  K.  Stephens 
Department  of  Medicine,  University  of  Washington,  Seattle,  WA 

Neurofibromatosis  type  1  patients  with  a  submicroscopic  deletion  spanning  the 
NF1  gene  are  remarkable  for  an  early  age  at  onset  of  cutaneous  neurofibromas, 
suggesting  the  co-deletion  of  a  novel  locus  that  potentiates  neurofibromagenesis. 
Construction  of  a  3.5  Mb  B  AC/P  AC  contig  at  chromosome  17ql  1.2  and  analysis  of 
somatic  cell  hybrids  from  microdeletion  patients  showed  that  14  of  17  cases  had  deletions 
of  1.5  Mb  in  length.  The  deletions  encompassed  the  entire  350  kb  NF1  gene,  3  additional 
genes,  1  pseudogene,  and  13  ESTs.  The  critical  region  harboring  the  putative  locus  that 
exacerbates  neurofibroma  development  was  narrowed  to  1  Mb  by  the  identification  of  a 
smaller  deletion  in  one  of  the  3  remaining  patients.  Of  the  14  cases  with  1.5  Mb 
deletions,  both  the  proximal  and  distal  breakpoints  mapped  within  chromosomal  regions 
of  high  homology,  termed  NF1  duplicons.  These  duplicons,  with  an  estimated  length  of 
15-100  kb,  harbor  at  least  4  ESTs  and  an  expressed  SH3GL  pseudogene.  Therefore, 
homologous  recombination  between  duplicons  either  in  cis  or  in  trans  on  sister 
chromatids  is  a  predominant  mechanism  of  NF1  microdeletion.  Refined  breakpoint 
mapping  will  facilitate  identifying  sequences  within  the  duplicons  that  are  susceptible  to 
chromosome  breakage  and  recombination.  The  number  of  NF1  duplicons  in  the  genome 
is  unknown,  however,  we  have  identified  a  third  one  at  chromosome  17q24.  These  data 
suggest  that  NF1  duplicons  may  also  play  a  role  in  germline  or  somatic  rearrangements 


NF1  gene  loss  by  recombination  at  flanking  hotspots 

Michael  O.  Dorschner  and  Karen  Stephens 
Department  of  Medicine,  University  of  Washington,  Seattle,  WA 

NF 1  gene  loss  occurs  both  in  germline  and  somatic  tissues.  We  found  that  breakpoints  of 
14/17  patients  with  1.5  Mb  germline  NF1  microdeletions  were  clustered  at  NFIREPs, 

120  kb  paralogous  regions  flanking  NF1.  These  data  suggest  the  existence  of 
recombinogenic  elements  that  mediate  NF  1  deletion.  Sequence  analysis  of  the  NF  IREPs 
revealed  a  cluster  of  processed  pseudogenes,  a  GC  rich  minisatellite,  and  no  apparent 
functional  genes.  To  map  the  deletion  breakpoints,  we  identified  single  nucleotide  and 
sequence  length  polymorphisms  between  the  two  NFIREPs,  which  share  >95%  identity. 
The  breakpoints  of  unrelated  patients  were  located  within  a  20  kb  segment,  which 
contains  GA  rich  regions,  a  CpG  island,  and  retroviral  long  terminal  repeats  (LTRs). 
These  motifs  could  facilitate  recombination  by  misalignment  or  by  maintaining  a 
recombination-proficient  chromatin  structure  via  methylation  or  active  transcription.  In 
addition  to  germline  deletions,  we  hypothesize  that  recombination  occurs  at  these  sites  in 
somatic  tissues.  This  predicts  that  site-specific  recombination  is  a  molecular  basis  for 
NF1  gene  loss  in  some  cases  of  NF1  mosaicism,  segmental  NF1,  and  NF1 -associated 
malignancies.  An  ongoing  test  of  these  predictions  has  identified  an  NF1  patient  who  is 
mosaic  for  an  NF  1  microdeletion.  Additional  NF  IREPs  have  been  identified  in  the 
genome  by  FISH  at  chromosome  bands  17q21, 17q23,  and  19pl3.  Therefore, 
recombination  between  NFIREPs  may  be  an  important  mechanism  for  restructuring  of 
the  genome  during  tumorigenesis  in  NF  1  affected  and  unaffected  individuals. 
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A  hydropathic  complementarity  analysis  of  neurofibromin  identifies  two  protein  motifs 
in  potential  neurofibromin-interacting  proteins.  Robert  J.  Livingston1  and  Karen 
Stephens2,  Departments  of  Pathology1,  Medicine2,  and  Laboratory  Medicine2, 

University  of  Washington,  Seattle,  WA  98195-7720. 

The  phenomenon  of  hydropathic  complementarity  (HC)  was  used  to  characterize  potential 
neurofibromin  interacting  proteins.  HC  is  the  observation  behind  the  Molecular  Recognition 
Theory  (MRT)  which  explains  the  molecular  evolution  of  receptor-ligand  and  enzyme-substrate 
pairs.  HC  is  based  on  a  novel  property  of  the  codon  table,  that  amino  acids  encoded  by  codons 
and  their  reverse  complements  have  opposing  hydropathic  properties.  The  MRT  posits  that 
when  polypeptides  are  translated  in  frame  from  complementary  nucleic  acids,  they  form 
complementary,  interacting  structures.  In  this  study,  the  reverse  complement  of  the 
neurofibromin  cDNA  was  translated  and  examined  computationally  for  protein  motifs  in  the 
PROSITE  database.  Two  domains  were  identified  in  the  reverse  translated,  “complementary” 
neurofibromin  polypeptide:  a  P-loop  type  ATP/GTP  binding  site  and  two  lipid  binding  sites.  These 
results  suggest  these  two  domains  might  be  present  in  neurofibromin-interacting  proteins. 
Consistent  with  these  results  is  neurofibromin’s  role  as  a  negative  regulator  of  ras*GTP  and  a 
critical  step  in  ras  activation  is  post  translational  modification  by  famesylation.  Ras  binds  GTP  via 
the  P-loop  type  ATP/GTP  motif.  The  location  of  the  ATP/GTP  binding  site  in  the  “complementary” 
protein  corresponds  to  the  central  rasGAP-related  domain  of  neurofibromin,  further  supporting 
this  analysis.  Strengthening  the  argument  for  a  lipid-neurofibromin  interaction  is  the  observation 
that  the  GTPase  activating  potential  of  neurofibromin  is  inhibited  by  arachidonic  acid  and  other 
fatty  acids.  This  analysis  may  provide  insight  into  downstream  neurofibromin  effectors  and 
assist  in  identifying  new  therapeutic  targets  for  this  disease. 
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Allelic  losses  due  to  recombination  between  paralogs  can  occur  in  somatic  cells.  M.O.  Dorschner  ,  K.A.  Leppig  ,  M. 
Weaver1,  K.  Stephens1.  1)  Division  of  Medical  Genetics  ;  2)  Department  of  Pediatrics,  University  of  Washington, 

Seattle,  WA. 

A  germline  recombination  event  between  flanking  paralogous  DNA  segments  is  a  common  mechanism  underlying 
contiguous  gene  deletion/duplication  disorders,  such  as  Charcot-Marie-Tooth  1A  and  neurofibromatosis  (NF1) 
microdeletion.  The  role  of  paralogs  in  genomic  rearrangements  is  extended  by  our  identification  of  an  NF1  microdeletion 
in  somatic  tissues.  FISH  and  soniatic  cell  hybrid  analyses  identified  a  1.3  Mb  deletion  encompassing  NFL  and  contiguous 
loci.  This  deletion  was  present  in  -50%  of  the  patients  peripheral  blood  cells  as  determined  by  quantitative  PCR.  The 
centromeric  and  telomeric  breakpoints  mapped  to  -26  kb  paralogs  with  -98%  nucleotide  identity.  Therefore,  the  deletion 
arose  by  paralogous  recombination  early  in  embryogenesis.  This  mosaic  microdeletion  patient  had  hundreds  of  dermal 
neurofibromas  on  all  body  segments  at  80  years  of  age.  This  is  consistent  with  our  hypothesis,  originally  based  on 
analyses  of  germline  NF1  microdeletions,  that  codeletion  of  NF1  and  a  nearby  gene(s)  potentiates  neurofibromagenesis. 
However,  unlike  the  germline  deletion  patients  who  develop  dermal  neurofibromas  in  childhood,  this  patient  had  no 
tumors  until  her  mid-20s.  Mosaicism  appears  to  have  ameliorated  the  phenotype  by  delaying  the  age  at  onset  of  dermal 
neurofibromas.  This  predicts  that  site-specific  recombination  is  a  molecular  basis  for  some  cases  of  NF1  mosaicism,  and 
possibly  segmental  NF1  and  NF1 -associated  malignancies.  Our  data  have  broad  implications  for  human  disease 
pathogenesis.  If  recombination  between  paralogs  is  common  during  mitosis  in  somatic  cells  and  confers  a  growth 
advantage,  the  resulting  allelic  changes  may  modify  a  disease  phenotype,  contribute  to  intrafamilial  variability,  and/or 
play  a  role  in  genome  restructuring  during  neoplasia. 
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Recombination  hotspots  for  NF1  microdeletions.  K.  Stephens ■[,  C.L  Friedman2,  B.J.  Trask2,  M.O.  Dorschner1.  1) 

Dent  of  Medicine-  2)  Dept  of  Molecular  Biotechnology,  University  of  Washington,  Seattle,  WA. 

Patients  with  1.5  Mb  neurofibromatosis  1  (NF1)  microdeletions  are  remarkable  for  an  early  age  at  onset  and  large 
numbers  of  dermal  neurofibromas.  The  clustering  of  breakpoints  in  -100  kb  flanking  paralogous  DNA  segments 
(NFIREPs)  suggested  that  these  deletions  arose  by  homologous  recombination.  Breakpoint  mapping  of  11  patients 
Sealed  two  recombination  hotspots.  The  hotspots  are  20  kb  apart  and  each  is  2-3  kb  in  length.  At  one  of  these  hotspots, 
the  majority  of  breakpoints  fall  at  or  within  two  GA-rich  regions.  This  region  has  an  upstream  CpG  island, severe i 
elements  and  retroviral  LTRs,  but  no  transposons  or  open  reading  frames.  Although  the  breakpoints  could  hav 
anywhere  in  the  NFIREPs,  which  share  >97%  sequence  identity,  only  specific  sites  were  recombination-pron. 
hypothesize  that  the  GA-rich  regions  facilitate  recombination  via  localized  effects  on  DNA  secondary  structure.  S 
analvsis  surrounding  the  breakpoints  revealed  chimerism  indicating  that  the  recombinant  NF1REP  consisted  of 
piecemeal  fragment!  of  the  two  flanking  parental  NFIREPs.  This  supports  a  model  of  homologous  recombination 
between  NFIREPs  followed  by  double  strand  break  repair.  The  human  genome  contains  at  least  9  paralogs  belongi  g 
the  NF1REP  family  of  sequences.  The  two  REPs  that  mediate  NF1  microdeletions  are  in  direct  orientation  and  share -50 
kb  of  near  identical  sequence  along  with  an  additional  -30  kb  that  are  shared  with  other  family  members  but  not  with 
each  other  FISH  and  BLAST  analyses  mapped  a  third  NF1REP  at  the  NF1  gene  region  (17ql  1.2)  and  5  additional 
paralogs  on  chromosome  17  with  two  at  band  ql2,  two  at  q21  and  one  at  q24.  A  ninth  paralog  is 
None  of  these  are  identical  in  structure  but  are  mosaics  of  subrepeats  resulting  from  regional-specific  duplication  events 
during  evolution.  NFIREP-mediated  rearrangements  may  provide  a  model  system  for  the  identification  of  sequence 
motifs  that  predispose  to  mammalian  homologous  recombination.  ,  — ■ 
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Neurofibromatosis  type  1  patients  with  a  submicroscopic  deletion  spanning  the  NF1  tumor  suppressor  gene  are 
remarkable  for  an  early  age  at  onset  of  cutaneous  neurofibromas,  suggesting  the  deletion  of  an  additional  locus 
that  potentiates  neurofibromagenesis.  Construction  of  a  3.5  Mb  BAC/PAC/YAC  contig  at  chromosome  17q1 1.2  and 
analysis  of  somatic  cell  hybrids  from  microdeletion  patients  showed  that  14  of  17  cases  had  deletions  of  1.5  Mb  in 
length.  The  deletions  encompassed  the  entire  350  kb  NF1  gene,  three  additional  genes,  one  pseudogene  and  16 
expressed  sequence  tags  (ESTs).  In  these  cases,  both  proximal  and  distal  breakpoints  mapped  at  chromosomal 
regions  of  high  identity,  termed  NFIREPs.  These  REPs,  or  clusters  of  paralogous  loci,  are  15-100  kb  and  harbor  at 
least  four  ESTs  and  an  expressed  SH3GL  pseudogene.  The  remaining  three  patients  had  at  least  one  breakpoint 
outside  an  NF1REP  element;  one  had  a  smaller  deletion  thereby  narrowing  the  critical  region  harboring  the 
putative  locus  that  exacerbates  neurofibroma  development  to  1  Mb.  These  data  show  that  the  likely  mechanism  of 
NF1  microdeletion  is  homologous  recombination  between  NFIREPs  on  sister  chromatids.  NF1  microdeletion  is 
the  first  REP-mediated  rearrangement  identified  that  results  in  loss  of  a  tumor  suppressor  gene.  Therefore,  in 
addition  to  the  germline  rearrangements  reported  here,  NF1  REP-mediated  somatic  recombination  could  be  an 
important  mechanism  for  the  loss  of  heterozygosity  at  NF1  in  tumors  of  NF1  patients. 


INTRODUCTION 

Haploinsufficiency  for  neurofibromin  is  the  likely  molecular 
basis  of  neurofibromatosis  type  1  (NF1),  a  common  autosomal 
disorder  that  predisposes  to  the  development  of  benign  and 
malignant  tumors.  Genetic,  biochemical  and  proliferative 
studies  of  cells  from  NF1 -associated  tumors  are  consistent 
with  a  tumor  suppressor  function  for  neurofibromin.  Tumor 
suppressor  activity  is  due,  at  least  in  part,  to  a  ras-GTPase  acti¬ 
vating  protein  (ras-GAP)  domain  which  accelerates  the 
conversion  of  activated  GTP-ras  to  inactivated  GDP-ras  (1). 
Evidence  in  human  and  mouse  shows  that  neurofibromin- 
deficient  tumor  cells  have  increased  activated  ras  and 
dysregulated  proliferative  properties  (2,3),  which  may  be 
mediated  by  the  ras-dependent  mitogen-activated  protein 
kinase  signaling  pathway  (4).  Both  benign  and  malignant 
tumors  show  homozygous  inactivation  of  NFJ  resulting  in  lack 
of  functional  neurofibromin.  Although  NF1  inactivation  in  a 
tumor  progenitor  cell  can  occur  by  numerous  mechanisms,  the 
identification  of  defined  intragenic  NFJ  mutations  in  primary 
tumor  tissue  argues  that  lack  of  neurofibromin  is  central  to 
their  development  (5-7). 


Over  70%  of  germline  mutations  of  the  NF1  gene  are  intra¬ 
genic  and  predict  a  premature  truncation  of  neurofibromin  (8). 
These  mutations  are  distributed  throughout  the  coding  region. 
They  are  generally  unique  for  a  given  patient  or  family,  and  are 
not  predictive  for  any  of  the  diverse  clinical  manifestations  that 
can  develop  in  this  multisystemic  disorder.  Nearly  all  NF1 
patients  develop  cafe-au-lait  macules,  axillary  and  inguinal 
freckling,  multiple  neurofibromas,  and  Lisch  nodules,  which 
are  hamartomas  of  the  iris  of  the  eye.  Other  significant,  but  less 
common,  manifestations  of  the  disorder  include  learning  disa¬ 
bilities,  optic  glioma,  bony  abnormalities  (sphenoid  bone 
dysplasia,  pseudoarthrosis,  scoliosis),  increased  risk  of  specific 
malignancies,  and  others  (9,10).  NF1  has  been  considered  to  be 
primarily  a  disorder  of  cells  derived  from  the  neural  crest, 
which  is  supported  by  recent  evidence  consistent  with  neuro¬ 
fibromas  arising  by  clonal  proliferation  of  a  neurofibromin- 
deficient  Schwann  cell  (11). 

Previously,  we  identified  five  patients  that  earned  a  deletion 
of  one  entire  NF1  allele.  These  patients  were  remarkable  for  an 
early  age  (<10  years)  at  onset  of  dermal  neurofibromas,  an 
increased  number  or  heavy  burden  of  neurofibromas  relative  to 
their  age,  and  certain  atypical  facial  features  (12,13).  The  asso- 
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ciation  of  an  NFJ  microdeletion  with  this  phenotype  was 
subsequently  confirmed  by  us  and  other  investigators  (14-18). 
In  addition,  the  identification  of  families  segregating  an  NF1 
microdeletion  demonstrated  that  the  rearrangement  was  co¬ 
inherited  with  the  remarkable  facial  and  tumor  features 
(17,19,20). 

The  molecular  basis  for  precocious  neurofibromagenesis  in 
microdeletion  patients  is  unknown.  Previously,  we  estimated 
the  microdeletions  at  0.7-2  Mb,  which,  even  accounting  for  the 
large  350  kb  NF1  gene,  implies  that  many  additional  genes  are 
deleted  (13,14,19).  Theoretically,  early  age  at  onset  of  neuro¬ 
fibromagenesis  could  be  attributed  to:  (i)  deletion  of  the  NF1 
gene  alone;  (ii)  co-deletion  of  NF1  and  one  of  the  three  genes 
of  unknown  function  that  are  embedded  in  an  NF1  intron; 

(iii)  co-deletion  of  NF1  and  a  novel  contiguous  gene(s);  or 

(iv)  dysregulation  of  a  gene  at  the  deletion  breakpoint.  We 
consider  it  unlikely  that  neurofibromin  haploinsufficiency 
alone  could  account  for  early  onset  of  tumorigenesis.  Over 
70%  of  NF1  patients  are  heterozygous  for  a  mutation  that 
predicts  premature  truncation  of  neurofibromin,  yet  in  a  popu¬ 
lation-based  study  only  -14%  of  subjects  developed  dermal 
neurofibromas  before  10  years  of  age  (21,22).  However,  it  is 
unknown  whether  neurofibroma  development  could  be  amel¬ 
iorated  in  any  of  these  patients  due  to  possible  residual  activity 
from  the  mutant  NFJ  allele.  The  role  of  a  putative  co-deleted 
locus  has  been  difficult  to  assess  because  the  number  of  dele¬ 
tion  patients  is  small  and  information  regarding  number  and 
age  at  onset  of  neurofibromas  and  deletion  magnitude  are  not 
always  evaluated  or  reported.  Recently,  however,  we  described 
12  unrelated  NF1  microdeletion  patients  with  early  onset  and/ 
or  high  burden  of  neurofibromas  with  deletion  breakpoints  that 
clustered  in  the  same  centromeric  and  telomeric  locus  intervals 
(K.  Maruyama,  M.  Weaver,  K.  Leppig,  A.S.  Ayls worth,  M.O. 
Dorschner,  R.  Farber,  J.  Ortenberg,  A.  Rubenstein,  L.  Immken, 
C.  Curry  and  K.  Stephens,  submitted  for  publication).  Towards 
mapping  and  identifying  a  locus  that  potentiates  neurofibroma¬ 
genesis  in  NF1  patients,  we  constructed  a  3.5  Mb  physical  map 
of  the  NF1  region,  precisely  mapped  the  deletion,  and  exam¬ 
ined  deletion  genotype  with  patient  phenotype.  We  report  that 
the  breakpoints  in  the  majority  of  patients  are  clustered  at 
flanking  genomic  segments  of  paralogous  sequence  (sequence 
similarity  due  to  duplication).  These  results  have  important 
implications  regarding  germline  and  somatic  rearrangements 
involving  NF1 . 

RESULTS 

Construction  of  a  3.5  Mb  contig 

Recently,  we  determined  that  both  the  centromeric  and  telom¬ 
eric  breakpoints  in  14  of  15  NF1  patients  with  submicroscopic 
deletions  were  clustered  in  two  distinct  marker  intervals. 
Quantitative  PCR  and  the  analysis  of  somatic  cell  hybrid  lines 
carrying  deleted  chromosome  17  of  each  patient  mapped  the 
centromeric  breakpoints  between  marker  loci  D17S2120  and 
UT172  and  the  telomeric  breakpoints  between  D17S1800  and 
D17S1880  (K.  Maruyama  et  ai,  submitted  for  publication) 
(Fig.  1).  Although  these  data  were  suggestive  of  breakpoint 
clustering,  the  length  of  each  interval  was  unknown.  In  addi¬ 
tion,  the  number  and  unique  order  of  other  markers  within  each 
of  these  initial  breakpoint  intervals  was  unknown.  To  refine  the 
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Figure  1.  Hybrid  mapping  panel  for  the  NF1  region.  The  location  of  markers 
in  the  NF1  region  are  depicted,  along  with  the  NF1  deletion  previously  defined 
in  patients,  with  open  bars  representing  the  breakpoint  cluster  regions  (K. 
Maruyama  et  ai,  submitted  for  publication).  Loci  were  mapped  to  one  of  five 
intervals  (A-E)  on  chromosome  17  by  their  presence  or  absence  in  human/ 
rodent  somatic  cell  hybrid  lines.  The  hybrid  line  UWA106-3-#36  was  con¬ 
structed  from  NF1  microdeletion  patient  UWA 106-3  and  carries  a  chromo¬ 
some  17  deleted  for  the  indicated  segment  (13).  Line  SP3-10  carries  human 
chromosome  segment  17qll.2  to  qter  (76)  and  NF13  carries  a  segment  from 
NF1  intron  27b  to  qter  (77). 

location  of  the  deletion  breakpoints,  we  sought  to  construct  a 
physical  map  encompassing  both  breakpoint  cluster  regions. 
Initially,  chromosome  17  loci  reported  to  map  at  or  near  band 
ql  1.2  were  gleaned  from  the  literature  and  publicly  available 
electronic  databases  and  screened  by  PCR  against  a  somatic 
cell  hybrid  mapping  panel.  This  placed  each  locus  into  one  of 
five  possible  chromosomal  intervals  (Fig.  1).  Loci  that  mapped 
to  intervals  C  and  D  were  used  to  identify  and  construct  a 
contig  of  novel  and  previously  reported  bacterial  artificial 
chromosome  (BAC)  and  PI -derived  artificial  chromosome 
(PAC)  clones.  Initial  database  searches  identified  five 
sequenced  clones  that  served  as  a  framework  for  contig 
construction.  Two  BACs,  468F23  and  41C23,  were  found  to 
harbor  AH1  and  AN2,  respectively,  which  are  end  sequences  of 
a  previously  described  NF1  yeast  artificial  chromosome 
(YAC)  contig  (23)  (Fig.  2).  A  297  kb  sequence  carrying  a  large 
portion  of  the  NF1  gene  (GenBank  accession  no.  AC004526), 
and  clones  542B22  and  307A16,  were  identified  from  database 
searches.  Together,  the  three  clones  499120,  AC004526  and 
41C23  comprise  a  476  kb  contiguous  sequence  spanning  from 
intron  1  of  the  NF1  gene  to  D17S1800  (Fig.  2).  The  remainder 
of  the  contig  was  assembled  by  screening  a  BAC  library  with 
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Figure  2.  Physical  contig  of  the  NF1  region.  The  thick  black  bar  is  a  schematic  of  the  chromosome  17ql  1 .2  region  with  STS  loci  placed  above  the  bar  and  genes 
and  EST  loci  below.  The  BAC,  PAC  and  YAC  clones  comprising  the  contig  are  shown  above;  open  elipses  are  aligned  with  the  loci  on  the  chromosome  schematic 
and  indicate  a  positive  hit  in  the  clone;  sequenced  BAC/PAC  clones  are  indicated  with  an  asterisk.  Vertical  bars  at  the  ends  of  BACs  represent  insert  termini  that 
were  sequenced  and  submitted  to  GenBank,  but  not  converted  to  amplimers.  The  scale  in  Mb  is  at  the  top  of  the  figure.  The  size  and  extent  of  microdeletions  of 
NF1  patients  are  shown  below  the  chromosome.  The  common  AT7/  deletion  region  was  identified  in  14  of  17  unrelated  patients;  whereas  three  patients  had  novel 
deletions  as  shown.  The  open  boxes  represent  flanking  repetitive  sequences  (NF1REP)  where  the  majority  of  breakpoints  mapped. 


selected  loci  that  mapped  in  intervals  C  and  D  (Figs  1  and  2)  and 
by  utilizing  newly  released  chromosome  17  sequences  from  the 
Whitehead  Institute  for  Biomedical  Research/MIT  Center  for 
Genome  Research  (http://www-genome.wi.mit.edu/).  The  clones 
comprising  the  BACs  are  listed  in  Table  1. 

The  contig  consisted  of  39  BAC/PAC  and  two  YAC  clones 
(Fig.  2,  Table  1).  The  new  marker  A16INT  linked  together  the  two 
YACs  y947gll  and  y815bll  (http://www-genome.wi.mit.edu/  ), 
creating  a  YAC  contig  of  the  region.  In  addition,  loci 
prominent  for  their  previous  use  in  genetic  mapping  and  loss  of 
constitutional  heterozygosity  (LOH)  analyses  were  mapped 
precisely.  UT172 ,  previously  estimated  to  be  1.5  Mb  centro- 
meric  of  NFJ  (24),  is  only  -250  kb  distant  within  BAC 
468F23.  D17S117  and  D17S120  are  located  ~1  Mb  centro- 
meric  of  NFJ;  the  latter  marker  actually  lies  within  an  intron  of 
the  carboxypeptidase  D  ( CPD )  gene.  D17S798  is  located 
~1.8  Mb  telomeric  of  NF1. 

Fine  mapping  of  the  NF1  microdeletion  breakpoints 

Over  10  loci  were  placed  precisely  in  each  of  the  breakpoint 
cluster  regions  (Fig.  1),  thereby  facilitating  fine  mapping  of  the 


breakpoints  of  all  17  microdeletion  patients.  Fourteen  micro¬ 
deletion  patients  had  proximal  breakpoints  in  the  locus  interval 
of  SH3GLP2  to  CYTOR4  (, SHGC-37343 )  and  distal  break¬ 
points  in  the  interval  between  SH3GLP1  and  D17S1880  (Fig. 
2).  The  remaining  three  deletion  cases  had  at  least  one  novel 
breakpoint  (Fig.  2).  Patient  UWA113-1  had  a  novel  centro- 
meric  breakpoint  between  FB12A2  and  exon  1  of  the  NF1 
gene.  Both  breakpoints  of  patient  UWA155-1  were  novel  and 
located  between  the  intervals  defined  by  SHGC35088- 
FB12A2  and  D17S1656-stSG50857.  Patient  UWA106-3,  who 
had  the  largest  deletion  in  our  cohort  (13),  also  had  two  unique 
breakpoints.  The  telomeric  breakpoint  mapped  in  the  interval 
of  D17S73  to  FB6F10  and  the  centromeric  breakpoint  was 
mapped  previously  between  DJ7S1294  and  SCL6A4  during 
construction  of  a  physical  contig  of  the  latter  gene  that  encodes 
the  serotonin  transporter  (25). 

The  contig  provided  more  precise  estimates  of  the  physical 
lengths  of  both  the  region  and  the  patient  deletions.  Because 
YACs  947gll  and  8 15bl  1 ,  each  estimated  at  1.7  Mb  (http:// 
www-genome.wi.mit.edu/  ),  are  completely  contained  within 
the  deletion  of  UWA106-3,  this  patient’s  deletion  is  approxi¬ 
mated  at  3.5  Mb.  YAC  947gl  1  spans  from  SLC6A4  to  A16INT 
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Table  1.  BAC/PAC  clones  from  17ql  1.2 


Clone  source 

Clone  name 

GenBank  accession  no. 

Size  (kb) 

hRPK 

110809 

hRPK 

268  F  2 

AC006050 

163 

hRPK 

994  D  8 

hRPK 

946  G  8 

hRPK 

271  K  11 

AC005562 

199 

hRPK 

943  L  10 

hRPK 

1124  G  9 

hRPK 

932  D  9 

hCIT 

335  J  2 

hCIT 

468  F  23 

AC004666 

120 

hRPK 

1015  Cl 

hRPK 

915C  15 

hRPK 

997  D  19 

hCIT 

499  I  20 

AC004222 

119 

AC0045263 

297 

hRPK 

1093  P 22 

hRPK 

1095  J  4 

hCIT 

41  C23 

AC003101 

208 

hRPK 

1078  1  13 

hRPK 

1126E  16 

hCIT 

542  B  22 

AC004523 

131 

hCIT 

307  A  16 

AC003041 

78 

hRPK 

904  A  12 

hRPK 

999  E  22 

hRPK 

953  0  6 

hRPK 

951  F  11 

hRPK 

953  C  18 

hRPC 

144  O  22 

hRPK 

952  K  8 

hCIT 

347  H  5 

AC002119 

109 

hCIT 

453  H  10 

hRPK 

227  G  15 

AC005899 

184 

hRPK 

1 147  M  22 

hRPK 

1100  N  24 

hRPK 

1103  B  13 

hRPC 

29  G  21 

AC003687 

141 

hRPK 

1037  L  15 

hRPK 

1 106  E  7 

hRPK 

1 152  D  17 

hRPK 

1014116 

hRPK 

1144121 

hRPK 

1 130  A  2 

hRPK 

1105  A3 

hCIT 

3041  17 

AC004147 

139 

hRPK 

215  E  13 

AC005549 

147 

hRPK,  clones  from  RPCI-11  Human  Male  BAC  library;  hCIT,  clones  from 
CITB  Caltech  Human  BAC  library;  hRPC,  clones  from  RPCI  Human  PAC 
library. 

Contiguous  sequence  of  two  overlapping  BAC  clones. 


and  overlaps  815bll,  which  extends  to  just  beyond  D17S798. 
The  known  lengths  of  sequenced  B  ACs  and  the  average  length 
of  185  kb  for  non-sequenced  BACs  derived  from  the  RPCI- 1 1 
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Figure  3.  NF1REP  domains  on  chromosome  17.  The  locations  of  the  three 
NF1REP  regions,  designated  -P,  -M  and  -D  (for  proximal,  medial  and  distal) 
are  shown  along  with  the  five  loci  they  are  known  to  contain.  In  addition,  the 
closest  unique  marker  flanking  each  REP  is  indicated.  The  cross-hatched  bar 
represents  the  1.5  Mb  region  commonly  deleted  in  NF1  microdeletion  patients. 


library  were  subtracted  from  the  YAC  lengths  to  give  the  esti¬ 
mated  scale  in  Figure  2.  The  length  of  the  common  NF1  micro¬ 
deletion  was  estimated  at  1.5  Mb. 

NF1  microdeletion  breakpoints  cluster  at  repetitive 
sequences 

Fine  mapping  of  the  region  led  to  the  discovery  of  two  SH3GL 
expressed  pseudogenes,  SH3GLP2  and  SH3GLP1 ,  that 
mapped  near  the  breakpoints  of  the  common  NF1  deletions 
(Fig.  2).  Because  low  copy  repeats  are  known  to  flank  dele¬ 
tions/duplications  responsible  for  some  contiguous  gene 
syndromes  (26),  a  search  for  additional  multicopy  transcripts 
was  initiated.  A  third  expressed  pseudogene,  SH3GLP3,  was 
reported  to  map  distally  at  17q24  (27).  BLAST  analyses  of  the 
SH3GL  pseudogenes  identified  BACs  271K11  and  147L13, 
which  carried  SH3GLP2  and  SH3GLP3 ,  respectively.  The 
sequence-tagged  site  (STS)/expressed  sequence  tag  (EST) 
content  of  the  BAC  clones  was  obtained  (http://www- 
genome.wi.mit.edu/  )  and  BLAST  analyses  identified  their 
locations  within  each  clone.  This  revealed  that  two  ESTs,  WI~ 
12393  and  WI-9461 ,  were  present  in  both  BACs  and  located 
near  each  respective  SH3GL  pseudogene.  Systematic  BLAST 
analyses  of  loci  reportedly  mapping  near  NF1  in  publicly 
available  genome  databases  revealed  that  stSG40093  and 
stSG31654  were  not  only  in  BAC  271K1 1  centromeric  to  NF1 , 
but  were  also  harbored  by  BAC  147L13  at  chromosome  17q24 
(http://www.ncbi.nlm.nih.gov/genemap98  ).  Together  these 
analyses  identified  two  clusters  of  five  transcripts  for  which 
the  order  and  relative  distance  between  markers  was 
conserved.  These  clusters  of  paralogous  loci  were  designated 
as  NF1REP,  using  the  suffixes  -P  and  -D  to  distinguish  the 
proximal  repeat  at  17qll.2  from  the  distal  repeat  at  17q24 
(Figs  2  and  3). 

To  determine  whether  the  unsequenced  region  surrounding 
SH3GLP1  comprised  an  additional  NF1REP,  PCR  primers  for 
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WI-9461 ,  stSG31654 ,  and  Wf -12393  were  used  to 

amplify  these  loci  from  BACs  overlapping  the  SH3GLP1 
locus.  BAC  clones  953C18,  951F11  and  95306  were  positive 
for  each  of  the  transcripts;  999E22  was  positive  for  all  but  the 
WI-12393  locus.  This  medially  positioned  repeat  cluster  was 
designated  NF1REP-M  (Fig.  3).  These  results  demonstrated 
that  chromosome  17  carries  at  least  three  clusters  of  paralo- 
gous  loci:  WI-9461 ,  stSG31654 ,  stSG40093  and  WI-12393 , 
each  in  association  with  a  specific  SH3GL  pseudogene  (Fig.  3). 
The  absence  of  WI-12393  from  BAC  999E22  and  preliminary 
sequence  analysis  (M.  Dorschner,  unpublished  data)  strongly 
suggests  that  NF1REP-P  and  -M  are  direct  repeats  of  15-100 
kb  in  length.  The  repetitive  sequences  may  extend  further 
beyond  WI-12393 .  The  breakpoints  of  the  patients  carrying  the 
common  NF1  microdeletion  lie  within,  or  adjacent  to, 
NF1REP  regions.  The  centromeric  breakpoints  were  between 
SH3GLP2  and  CYTOR4,  whereas  the  telomeric  breakpoints 
occurred  between  SH3GLP1  and  K8CEN.  Finer  mapping  of 
the  breakpoints  will  require  the  development  of  REP-specific 
primers  or  Southern  blot  analyses  that  identify  junction  frag¬ 
ments.  The  size  and  orientation  of  NF1REP-D  is  unknown. 

Several  lines  of  evidence  confirmed  that,  despite  carrying 
sequences  with  a  high  degree  of  identity,  BACs  spanning 
NF1REP-P  and  -M  were  localized  unambiguously.  First,  the 
primers  for  amplification  of  SH3GLP1  and  SH3GLP2  were 
locus  specific,  exploiting  base  differences  in  the  5'  region  of 
the  transcripts  (27).  BACs  943L10  and  946G8  were  the  only 
clones  that  possessed  SH3GLP2 ,  whereas  clones  953C18, 
951F11,  999E22  and  95306  carried  only  SH3GLP1.  In  addi¬ 
tion,  these  BACs  harbored  the  expected  unique  loci  based  on 
our  deletion  analysis.  BAC  943L10  was  positive  for  D1 7S1863 
and  CYTOR4 ,  whereas  BACs  spanning  the  medial  REP 
contained  KIAA0160  or  D17S1880. 

Mouse  orthologs  for  all  of  the  genes  located  in  interval  B 
(Fig.  1),  SLC6A4 ,  CPD,  CDK5R1  and  the  chemokine  cluster, 
have  been  mapped  to  the  same  region  of  mouse  chromosome 
1 1  that  carries  the  NF1  ortholog.  It  appears  that  synteny  has 
been  conserved  between  human  and  mouse  for  the  region  from 
CRYBA1  to  at  least  the  chemokine  cluster. 

NF1  deletion  genotype/phenotype  and  parental  origin  of 
deletion 

The  physical  features  of  the  13  unrelated  NF1  microdeletion 
patients  and  the  four  members  of  family  UWA166  are  summa¬ 
rized  in  Table  2.  There  were  no  obvious  differences  detected 
between  the  features  present  in  those  individuals  with  the 
common  NF1  deletion  and  the  three  with  deletions  of  different 
lengths.  No  single  feature  was  present  or  absent  consistently 
within  either  group.  The  location  of  the  putative  gene  that 
potentiates  neurofibromagenesis  was  narrowed  to  an  interval 
of  1  Mb  between  FB12A2  and  SH3GLP1 ,  as  defined  by  the 
deletion  of  patient  UWA1 13-1  (Fig.  2).  This  critical  region  is 
known  to  harbor  four  genes,  two  pseudogenes,  and  seven  ESTs 
(Fig.  2,  Table  3). 

A  preference  for  de  novo  microdeletion  of  the  maternally 
derived  chromosome  was  observed.  Among  the  eight  cases 
with  documented  de  novo  microdeletions,  six  were  derived 
from  the  maternal  homolog  (UWA  patients  113-1,  119-1, 147- 
3,  167-1,  183-1,  184-1)  and  two  from  the  paternal  homolog 
(UWA  106-3,  UWA123-3)  (13,19,  data  not  shown).  Three 


families  inherited  NF1  microdeletions.  Family  UWA  166 
includes  the  affected  mother  UWA166-1  and  her  three  affected 
children  UWA  166-2,  -3  and  -4(19),  patient  UWA  169-1  inher¬ 
ited  NF1  from  his  affected  mother  (19,28),  and  UWA  155-1 
inherited  NF1  from  his  affected  father. 

DISCUSSION 

NF1REP  elements 

Three  NFIREPs  were  mapped  to  chromosome  17.  NF1REP-P 
and  -M  flank  the  NF1  locus  at  17ql  1.2  and  are  separated  by 
-1.5  Mb  of  DNA.  The  third,  NF1REP-D,  is  located  at  17q24. 
Each  REP  is  composed  of  at  least  five  transcripts/ESTs 
including  an  SH3GL  pseudogene,  WI-9461 ,  stSG31654 , 
stSG40093  and  WI-12393  (Fig.  3).  In  a  search  for  proteins 
containing  SH3  (src  homology  region  3)  domains,  three  func¬ 
tional  genes  were  identified  from  a  fetal  brain  cDNA  library, 
SH3GL1 ,  SH3GL2  and  SH3GL3.  These  genes  map  at  chromo¬ 
somes  19pl3.3,  9p22  and  15q24,  respectively  (27),  and  func¬ 
tion  in  signal  transduction,  cytoskeleton  and  aggregation  of 
huntingtin  (29-31).  In  addition,  three  expressed  SH3GL  pseu¬ 
dogenes  were  identified  that  mapped  by  FISH  to  chromosome 
17  (Fig.  3)  (27).  It  will  be  important  to  characterize  the  expres¬ 
sion  of  the  other  paralogous  loci,  WI-9461 ,  stSG31654 , 
stSG40093  and  WI-12393 ,  at  each  of  the  NFIREPs.  Although 
these  loci  were  originally  isolated  as  ESTs  expressed  in 
multiple  tissues  (Unigene:  www.ncbi.nlm.nih.gov/UniGene/ 
index.html  ),  it  is  unclear  whether  each  paralogous  locus  in 
NF1REP-P,  -M  and  -D  is  expressed  and  whether  they  represent 
pseudogenes,  functional  loci  or  residual  gene  fragments. 

NFIREP-mediated  recombination 

We  propose  that  a  high  degree  of  homology  between  NF1REP- 
P  and  -M  facilitates  homologous  recombination  during  meiosis 
or  mitosis  resulting  in  the  deletion  of  intervening  sequences. 
Consistent  with  this  hypothesis,  pseudogenes  SH3GLP1  and  -2 
are  97.8%  identical,  whereas  SH3GLP3  shares  only  90%  iden¬ 
tity  with  either  of  these  (27).  Further  analysis  of  the  identity 
between  NF1REP-P  and  -M  will  require  completing  the 
sequence  of  the  NF1REP-M  domain;  partial  sequence  analysis 
shows  >98%  identity  (M.  Dorschner,  unpublished  data). 
Recombination  between  the  direct  repeats  NF1REP-P  and  -M 
could  give  rise  to  NF1  microdeletions  by  either  unequal 
recombination  between  sister  chromatids  or  intrachromosomal 
recombination  via  a  fold-back  loop  and  excision.  Distin¬ 
guishing  between  these  mechanisms  will  require  further  anal¬ 
yses  to  determine  whether  NFIREP-mediated  recombination 
is  associated  with  a  meiotic  crossover  event.  The  apparent 
preference  for  de  novo  NF1  microdeletion  of  the  maternally 
derived  chromosomes  may  provide  a  clue.  Other  REP- 
mediated  rearrangements  show  a  sex-dependent  mechanism 
with  maternally  derived  deletions  resulting  from  excision  of  an 
intrachromatidal  loop  (32).  Although  in  other  cases,  micro¬ 
deletions  mediated  by  flanking  REP  domains  appear  to  arise 
by  both  mechanisms  (33-35).  If  unequal  meiotic  recombina¬ 
tion  between  sister  chromatids  underlies  NF1  microdeletion,  it 
would  predict  the  formation  of  a  reciprocal  duplication  deriva¬ 
tive.  Whether  a  1.5  Mb  NF1  duplication  product  would  be 
stable  is  unknown;  it  may  quickly  undergo  recombination  and 
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Table  3.  Genes  and  ESTs  involved  in  NFI  microdeletions 


Gene/EST 

Description 

GenBank  accession  no. 

Unigene  cluster 

SLC6A4 

Serotonin  transporter 

L05568 

553 

stSG 16004 

R96721 

155925 

BLMH 

Bleomycin  hydrolase 

X92106 

78943 

sts-T9837 1 

T98371 

15036 

CPD 

Carboxypeptidase  D 

U65090 

5057 

SHGC-33050 

G29398 

GOS28 

Golgi  SNAP  receptor  complex  member  1 

AF073926 

8868 

SH3GLP2-P 

SH3-domain  GRB2-like  1  pseudogene 

X99660 

WI-9461-P 

G07297 

183294 

stSG31654-P 

AA9 10341 

191479 

stSG40093-P 

AI378068 

124418 

WI-12393-P 

Moderately  similar  to  KIAA0563  protein 

G 2044 6 

14232 

CYTOR4 

Cytokine  related  receptor  protein  4 

G30528 

119410 

sts-N67026 

Weakly  similar  to  AD7C-NTP 

N67026 

206654 

SHGC-33441 

T70563 

stSG  12855 

H56424 

221463 

N22706 

N22706 

43234 

SHGC-35907 

D 19648 

94891 

SHGC-34232 

Weakly  similar  to  IP4/PIP3  binding  protein 

G28215 

28802 

SHGC-35088 

H79008 

FB12A2 

T02847 

NFI 

Neurofibromin 

M89914 

93207 

OMG 

Oligodendrocyte  myelin  glycoprotein 

M63623 

194772 

EVI2A 

Ecotropic  viral  integration  site 

M55267 

41846 

EVI2B 

Ecotropic  viral  integration  site 

M60830 

5509 

AK3-pl 

Adenylate  kinase  pseudogene 

X60674 

N25049 

Expressed  only  in  olfactory  epithelium 

N 25 049 

183219 

sts-M79255 

M79255 

IB518 

Weakly  similar  to  K1AA0665  protein 

T03582 

3454 

stSG-41099 

H29300 

7985 

WI-6742 

R44280 

8179 

SHGC-34334 

D19683 

30670 

KIAA0160 

D63881 

170329 

SH3GLP1  -M 

SH3-domain  GRB2-like  1  pseudogene 

X99658 

WI-9461-M 

G07297 

183294 

stSG31654-M 

AA9 10341 

191479 

stSG40093-M 

AI378068 

124418 

WI-12393-M 

Moderately  similar  to  KI AA0563  protein 

G 20446 

14232 

SHGC-17169 

G 19390 

192761 

K1AA0727 

Similar  to  unconventional  myosins 

AB018270 

39871 

CDK5R1 

CDK5  regulatory  subunit  l/p35 

X80343 

2869 

WI-16331 

G20991 

120762 

stSG42502 

H 86705 

40488 

stSG28748 

AA860832 

stSG48313 

AA279265 

97128 

stSG  13 199 

H75373 

stSG39802 

AA084612 

125286 

stSG60067 

AI017068 

131740 

ZNF207-like 

Zinc  finger  transcription  factor 

AF04600 1 

62112 

SGC3355 1 

Homo  sapiens  clone  23685  mRNA  sequence 

AF052093 

9800 

p44.5l  PMSD11 

Macropain  26S  proteosome  subunit 

AB003102 

90744 

R22783 

R22783 

SHGC-2662 

Weak  similarity  to  ubiquitin-like  protein  8 

D 1 1 824 

109701 

sts-H81937 

Moderate  similarity  to  serine/threonine  kinase 

H81937 

37528 

SHGC-32I51 

Weak  similarity  to  RAS  gene  family 

A  A 199845 

14202 

ACCN1 

Sodium  channel  (hBNaCl),  degenerin 

U57352 

6517 

TADA1 

Maid-like  gene 

N37022 

3447 

stSG50857 

AA4001 17 

125747 

Genes  and  ESTs  in  bold  are  within  the  1 .5  Mb  commonly  deleted  NFI  region. 
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Table  4.  Contiguous  gene  rearrangements  involving  low  copy  repeats 


Disorder 

Location 

Rearrangement 

Type 

Size  (kb) 

REP  size  (kb) 

Transcripts  in  REP 

Reference 

NF1 

17qll.2 

Deletion 

1500 

15-100 

SH3GLP ,  WI-9461,  stSG31654 ,  stSG40093,  Wl-12393 

This  paper 

VCFS/DGS 

CES 

22qll 

Deletion 

Duplication 

2000/1500 

200 

GGT,  GGT-rel,  BCRL,  V7-rel,  POM121-like 

45,48 

Williams’  syndrome 

7q  11.23 

Deletion 

2000 

>30 

GTF2I,  IB  1445 

47 

HNPP 

CMT1A 

17pl  1 .2 

Deletion 

Duplication 

1500 

24 

COXIO 

43 

Smith-Magenis 

17pll.2 

Deletion 

5000 

200 

TRE,  KER,  SRP,  CLP 

44 

PWS/AS 

I5ql 1-13 

Deletion 

4000 

50-200 

SGC32610,  SHGC15126,  SHGC17218,  A006B10,  MN7, 
A008B26,  HERC2 

46,49 

NPHP1  (nephronopthisis 
type  1) 

2ql2 — 13 

Deletion 

250 

100 

D2S1735,  D2S2087 

53 

‘revert’  to  a  deletion  (36).  Non-mosaic  trisomy  17  has  not  been 
reported  in  a  live  bom,  and  partial  17p  or  17q  trisomy  is  rare 
and  even  mosaic  cases  are  uncommon  (37),  suggesting  that 
many  such  rearrangements  are  lethal. 

Patterns  of  REP  domains  and  chromosomal 
rearrangements 

About  10  years  ago  it  became  clear  that  intragenic,  or  rela¬ 
tively  small,  deletions,  duplications  and  inversions  of  the 
human  genome  could  be  mediated  by  homologous  recombina¬ 
tion  between  tandem  genes,  or  other  nearby  repetitive 
sequences.  Such  rearrangements  have  been  well  described  for 
the  steroid  sulfatase,  a-globin,  Factor  VIII,  LDL  receptor  and 
other  genes  (reviewed  in  refs  36,38).  Recently,  however,  the 
breakpoints  of  large  contiguous  gene  deletions  and  duplica¬ 
tions  from  1-5  Mb  in  length  were  mapped  to  flanking  repeti¬ 
tive  sequences  of  high  identity.  Such  low  copy  repetitive 
elements  have  been  designated  as  REPs,  duplicons  or  paralo- 
gous  regions  (39,40).  There  is  compelling  evidence  that 
homologous  recombination  between  REPs  is  the  molecular 
basis  for  a  number  of  disorders  (Table  4)  (reviewed  in  refs 
26,38).  The  precedence  was  established  for  the  neuropathies 
Charcot-Marie-Tooth  type  1A  (CMT1A)  and  hereditary 
neuropathy  with  liability  to  pressure  palsies  (HNPP).  Unequal 
recombination  between  flanking  REPs  during  meiosis  I  results 
in  duplication  (CMT1A)  or  deletion  (HNPP)  of  a  1.5  Mb 
segment  of  chromosome  17pll.2  (41,42).  The  two  24  kb 
CMTIA-REPs  have  98.7%  identity  with  an  internal  557  bp 
recombination  hotspot  where  21  of  23  breakpoints  occurred 
(43). 

Although  the  characterization  of  REPs  flanking  large  contig¬ 
uous  gene  rearrangements  is  in  its  infancy,  variability  in  REP 
length,  number,  complexity  and  orientation  is  apparent.  REP 
length  varies  considerably  (Table  4)  and  may  correlate  directly 
with  the  size  of  the  intervening  deletion/duplication.  This 
suggests  that  recombination  between  distant  REPs  may  require 
longer  tracts  of  identity  for  efficient  pairing  (26).  Although  a 
single  CMT1A-REP  lies  on  each  side  of  the  CMT1A/HNPP 
rearrangement,  the  number  of  REPs  and  the  apparent  prefer¬ 
ence  for  recombination  between  specific  REPs  can  vary 
considerably.  Three  Smith-Magenis  syndrome  (SMS)-REPs 
are  found  in  the  17pll.2  region,  yet  nearly  all  SMS  deletions 
are  due  to  crossover  events  between  the  proximal  and  distal 


REPs  (44).  The  identification  of  eight  REPs  at  22ql  1  suggests 
that  recombination  between  specific  REP  pairs  may  account 
for  different  rearrangements  underlying  multiple  congenital 
anomaly  disorders  that  map  to  this  chromosomal  region,  such 
as  velocardiofacial  syndrome/DiGeorge  syndrome  (VCFS/ 
DGS)  and  cat  eye  syndrome  (CES)  (45).  REP  domains  may  be 
very  complex  repeats  that  include  multiple  subrepeats,  which 
can  be  in  tandem  or  interspersed,  inverted  or  direct  in  orienta¬ 
tion  (46^18).  REPs  may  even  be  dispersed  among  chromo¬ 
somes;  FISH  experiments  suggest  that  copies  of  the  Prader- 
Willi  syndrome/Angelman  syndrome  (PWS/AS)  REP  may  be 
at  15q24  and  16pll  (49).  The  apparent  preference  for  REP 
domains  to  occur  near  the  centromere  of  chromosomes  (Table 
4)  (26)  is  consistent  with  reports  of  a  strong  bias  for  these 
regions  to  acquire  paralogous  segments.  This  phenomenon  is 
referred  to  as  pericentromeric  plasticity  and  presumably 
accounts  for  the  varied  NF1 -related  fragments  that  are  scat¬ 
tered  among  the  centromeric  regions  of  seven  different  auto- 
somes  (50;  reviewed  in  ref.  39).  Homologous  recombination 
events  and  the  resulting  chromosomal  rearrangements  are  also 
dependent  on  the  orientation  of  the  repetitive  sequences 
involved.  For  example,  recombination  between  direct 
CMTIA-REPs  results  in  deletion  and  duplication  via  unequal 
crossing-over  between  chromatids  (reviewed  in  ref.  51), 
whereas  recombination  between  indirect  duplicons  can  result 
in  either  deletions  or  inversions  (52-54). 

Unique  pathological  aspects  of  NFIREP-mediated 
recombination 

Several  aspects  of  NF1  microdeletions  are  unique  among  REP- 
mediated  contiguous  gene  rearrangements  in  the  human 
genome.  For  other  disorders,  REP-mediated  rearrangements 
commonly  account  for  a  large  fraction  of  analyzed  cases.  For 
example,  >98%  of  CMT1A  cases  are  caused  by  a  duplication 
that  results  in  partial  trisomy  of  the  17pll.2  region  that 
includes  the  PMP22  locus,  whereas  <2%  are  due  to  missense 
mutations  in  the  PMP22  gene  itself  (55).  In  AS,  large  maternal 
deletions  account  for  70%  of  cases,  uniparental  disomy  and 
imprinting  mutations  for  an  additional  5%,  and  inactivating 
mutations  in  UBE3A  for  another  5%  (56).  In  marked  contrast, 
only  2-13%  of  NF1  cases  result  from  NF1  microdeletions 
(16,18,57,58),  whereas  >70%  result  from  intragenic  mutations 
that  predict  premature  truncation  of  neurofibromin  (8).  Under- 
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Table  5.  New  BAC-end  derived  loci 


Locus 

Forward  primer  (5'— >3') 

Reverse  primer  (S'— >3') 

Size  (bp) 

GenBank  accession  no. 

F2-CEN 

GCTGGAAGCCACATTTGTCTG 

GCACACAAATTCTCTTGGGA 

77 

AC006050 

F2-TEL 

TCCCCTTGCAGCATTGCTAT 

CAGACACTTCTCCCCTCTACCCT 

150 

AC006050 

Kll-CEN 

ACACTGCTGCTCTTCACCATTG 

CCACCCATGAGCAAGTTCG 

150 

AC005562 

K 1 1  -TEL 

AGGTGTGAGCCACTGTGCACT 

GGCTCCCCTAGGAAGCTCC 

200 

AC005562 

I20-CEN 

CGAACTCCTGACCTCGTGATC 

ACCTGGTGTCTAGAGCTGATG 

788 

AC004222 

F 11 -TEL 

TGAGACTGATTGTAGCAGAAGTC 

ACCTGTGGCTGTTGAACACTTG 

325 

AF170177 

K8-CEN 

GCTCCATGTTCCATGCTATGAG 

TCTTCTCCACTCATTCCTTTGTC 

363 

AF170179 

G21-TEL 

TTAGTTAGAGCCCACCCCTCC 

CCATAGGTGTGCTGGCCAC 

155 

AC003687 

A16-1NT 

GGCCTCCAACTTGGTAGTCTG 

GTCTGCAAATGAGCTGACAAGCT 

320 

AC004523 

standing  why  microdeletion  is  not  the  prevalent  mutational 
mechanism  may  reveal  important  parameters  that  affect  the 
efficiency  of  REP-mediated  rearrangements.  Perhaps  the  size 
and  sequence  identity  of  NF1REP-P  and  -M  are  comparatively 
less  than  those  of  other  genomic  disorders,  thereby  reducing 
the  probability  of  NF  1-REP  pairing.  Or,  polymorphism  in  the 
number  and  orientation  of,  or  identity  between,  NFIREPs  may 
result  in  a  haplotype  that  is  recombination-prone.  A  precedent 
for  an  inversion  polymorphism  mediated  by  flanking  repetitive 
repeats  has  been  established  (54). 

Our  data  suggest  that  NF1  microdeletion  may  also  predis¬ 
pose  patients  to  the  development  of  malignant  tumors.  This 
hypothesis  is  supported  by  our  observation  that  2  of  the  17 
(11%)  unrelated  microdeletion  patients  had  a  neurofibrosar¬ 
coma  (Table  2,  UWA124-3  and  UWA155-1).  This  clearly  is 
greater  than  the  expected  occurrence  of  1. 4-3.5%  in  NF1 
patients  (21,59),  more  so  given  the  young  age  of  the 
microdeletion  patients.  In  addition,  first  degree  affected 
relatives  of  two  microdeletion  patients  died  of  malignancies 
(Table  2,  UWA 155-1  and  UWA 169-1).  Further  studies  are 
needed  to  confirm  this  hypothesis  and  to  determine  whether 
this  effect  is  mediated  by  the  same  putative  gene  that  causes 
early  onset  of  benign  neurofibromas.  Two  lines  of  evidence 
suggest  that  the  increased  burden  of  cutaneous  neurofibromas 
in  deletion  patients  would  be  an  unlikely  cause  of  an  apparent 
increased  frequency  of  malignancy.  First,  cutaneous  neuro¬ 
fibromas  do  not  undergo  malignant  transformation;  in  cases 
where  neurofibrosarcomas  are  associated  with  a  neurofibroma 
it  is  either  a  plexiform  neurofibroma  or  a  neurofibroma 
involving  a  large  nerve  or  nerve  plexus  (60).  Second,  the 
malignancies  of  the  affected  first  degree  relatives  of  our 
patients  were  central  nervous  system  and  fibrosarcoma,  not 
neurofibrosarcoma  (Table  2). 

NF1REP-P  and  -M-mediated  deletion  in  early  embryogen- 
esis  may  be  an  underlying  mechanism  of  somatic  mosaicism  of 
NFL  It  has  been  proposed  that  somatic  mosaicism  may  be 
common  among  NF1  patients  and  could  explain,  for  example, 
cases  of  a  mildly  affected  parent  with  a  severely  affected  child 
(61,62).  Patients  with  somatic  mosaicism  for  an  NF1  deletion 
have  been  described  (16,57,63-65).  Because  breakpoints  were 
not  mapped  in  these  cases,  it  is  not  known  whether  these  dele¬ 
tions  involved  the  entire  NF1  gene  and/or  contiguous  genes. 
The  frequency  of  somatic  mosaicism  for  an  NF1  deletion  was 
estimated  at  1.5%  (16,57).  However,  this  may  be  underesti¬ 
mated  significantly  due  to  the  low  detection  rate  of  the 
methods  employed. 


This  is  the  first  report  of  a  REP-mediated  rearrangement 
resulting  in  the  loss  of  a  tumor  suppressor  gene.  Therefore,  in 
addition  to  the  germline  rearrangements  reported  here, 
NF1  REP-mediated  somatic  recombination  could  be  an  impor¬ 
tant  mechanism  for  the  LOH  at  NF1  in  tumors  of  NF1  patients 
(5,7,66,67).  This  hypothesis  is  consistent  with  our  recent  anal¬ 
ysis  of  LOH  at  NF1  in  primary  leukemic  cells  of  children 
affected  with  NF1  that  developed  malignant  myeloid  disorders 
(K.  Stephens,  M.  Weaver,  K.  Leppig,  K.  Maruyama,  E.D. 
Davis,  R.  Espinosa  III,  M.H.  Freedman,  P.  Emanuel,  L.  Side, 
M.M.  LeBeau  and  K.  Shannon,  unpublished  data).  LOH  in  2  of 
20  tumors  arose  by  an  interstitial  deletion  of  a  1-2  Mb  segment 
comparable  with  the  germline  deletions  described  here.  Addi¬ 
tional  informative  polymorphisms  are  needed  to  determine 
whether  the  deletion  breakpoints  are  at  NF1REP-P  and  -M. 
Other  examples  of  clustered  neoplasia-related  rearrangements 
could  also  result  from  a  REP-mediated  recombination  mecha¬ 
nism.  For  example,  the  interstitial  20q  deletion  in  poly¬ 
cythemia  vera  and  myeloid  malignancies  (54)  and  the  i(17q)- 
associated  hematologic  malignancies  (68). 

The  precocious  neurofibromagenesis  and  severe  tumor 
burden  of  patients  with  NF1  microdeletions  is  consistent  with 
our  hypothesis  that  deletion  of  a  gene  or  regulatory  sequence, 
in  conjunction  with  neurofibromin  haploinsufficiency,  potenti¬ 
ates  development  of  neurofibromas.  All  of  the  deletion  patients 
showed  either  childhood  onset  and/or  large  numbers  of  cuta¬ 
neous  neurofibromas  (Fig.  2,  Table  2),  with  the  exception  of 
UWA  166-3  who  is  only  4  years  old.  Patient  UWA  113-1  has 
the  smallest  deletion  of  ~1  Mb,  thereby  establishing  a  critical 
interval  between  FB12A2  and  SH3GLP1  as  the  location  of  the 
putative  tumor-promoting  gene  (Fig.  2).  These  data  excluded 
the  strong  candidate  gene  kinase  suppressor  of  ras  ( KSR )  (69). 
Currently,  the  critical  region  is  known  to  harbor  four  genes, 
NF1,  OMG ,  EV12A  and  EV12B,  two  pseudogenes  and  seven 
ESTs  (Fig.  2,  Table  3).  The  products  of  these  genes  are  not 
strong  candidates  for  potentiating  neurofibromagenesis.  OMG, 
EVI2A  and  EVI2B  are  genes  of  unknown  function  located 
entirely  within  intron  27b  of  the  NF1  gene,  but  they  are  tran¬ 
scribed  from  the  opposite  direction.  OMG  encodes  a  glycopro¬ 
tein,  OMgp,  which  is  expressed  only  in  the  central  nervous 
system  in  neurons  and  oligodendrocytes,  and  is  displayed  in 
central  nervous  system  myelin  (70,71).  Although  growth 
suppression  of  NIH3T3  fibroblasts  overexpressing  OMgp 
suggests  that  it  plays  a  role  in  cell  proliferation  (72),  its  lack  of 
expression  in  the  peripheral  nervous  system  makes  it  a  poor 
candidate.  EV12A  and  -B  genes  are  more  widely  expressed  and 
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predict  a  putative  transmembrane  protein  of  unknown  function 
(73);  it  is  not  known  whether  they  are  expressed  in  Schwann 
cells,  which  appear  to  be  the  progenitor  cells  of  neurofibromas 
(11).  EVI2A  and  -B  are  human  orthologs  of  mouse  loci  where 
retroviral  integration  causes  myeloid  leukemia.  Further  inves¬ 
tigation,  however,  revealed  that  it  was  inactivation  of  NF1,  not 
the  EVI2  genes,  that  caused  the  leukemia  (74).  The  identifica¬ 
tion  of  patients  deleted  for  OMG ,  EVI2A ,  EVI2B  or  a  segment 
of  NF1  along  with  flanking  sequences  would  be  a  direct  test  of 
a  role  for  these  genes  in  the  early  onset  of  neurofibromas. 
Assuming  exclusion  of  NF1  and  the  embedded  genes,  the  crit¬ 
ical  region  is  reduced  to  ~700  kb  in  length.  The  seven  ESTs 
that  we  mapped  to  this  region,  and  the  sequence-ready  contig, 
will  provide  the  basis  for  identifying  and  characterizing  the 
putative  tumor-modifying  gene. 

MATERIALS  AND  METHODS 

Subjects 

Patients  described  previously  include  UWA 106-3  (12,13); 
UWA69-3,  UWA119-1,  UWA123-3  and  UWA128-3  (13); 
UWA  166-2  and  UWA169-1  (19);  UWA147-3,  UWA156-1, 
UWA  160-1,  UWA167-1,  UWA172-1  and  UWA176-1  (K. 
Maruyama  et  al. ,  submitted  for  publication).  Table  2  includes 
clinical  findings  from  these  reports  and  more  recent  clinical 
evaluations.  This  study  was  approved  by  the  Institutional 
Review  Boards  of  the  University  of  Washington  and  Chil¬ 
dren’s  Hospital  and  Regional  Medical  Center  (Seattle,  WA). 
Immortalized  cell  lines  and  human/rodent  somatic  cell  hybrid 
lines  carrying  a  single  human  chromosome  17  were 
constructed  as  described  previously  (13). 

BAC  library  screening 

Marker  loci  were  amplified  in  the  presence  of  [32P]dCTP  as 
described  previously  (http://www.sanger.ac.uk  ).  A  cocktail  of 
probes,  1  x  106— 107  c.p.m./ml  hybridization  solution  each,  was  used 
to  screen  the  RPCI-11  human  BAC  library,  segment  4  (BACPAC 
Resources,  Buffalo,  NY;  http://bacpac.med.buffalo.edu )  by  hybrid¬ 
ization.  Membranes  were  prehybridized  in  25  ml  of  hybridization 
buffer  (75)  at  65°C  for  1  h,  hybridized  overnight,  and  washed  four 
to  six  times  at  increasing  stringency,  with  a  final  wash  of 
0.2x  SSC/0.1%  SDS  for  45  min.  Following  autoradiography 
for  1-2  days  at  -70°C  with  intensifying  screens,  positive  clone 
addresses  were  determined  and  obtained  from  BACPAC 
resources.  BAC  DNA  was  isolated  from  3  ml  overnight 
cultures  using  the  Qiagen  Spin  miniprep  plasmid  kit  (Qiagen, 
Chatsworth,  CA)  according  to  the  manufacturer’s  directions. 

STSs,  ESTs  and  generation  of  new  markers 

Loci  were  amplified  either  as  described  in  the  database  entry  or 
using  a  program  with  an  initial  denaturation  of  94° C  for  2  min, 
followed  by  35  cycles  of  94°C  for  15  s,  59°C  for  15  s,  and  72°C 
for  60  s,  and  a  final  extension  of  8  min.  Primers  for  the  ampli¬ 
fication  of  D17S 117  and  D17S120  were  designed  from  partial 
sequence  analysis  of  plasmid  clones.  D1 7S1 1 7  was  amplified 
with  primers  5'-AGGATGGACTAGGATTCTTAGTG-3'  and 
5'-GCTGTC  AATC  ACC  AAAGTCG  AG-3'  for  D1 7 SI  1 7. 
D17S210  were  amplified  with  primers  5'-CTCGAAGGTAG- 


GATAGTGACAG-3'  and  5'-GATAGTTTGAGCTCAG- 
GAATGTG-3'. 

New  markers  were  developed  from  the  ends  of  BAC  clone 
inserts.  DNA  was  extracted  from  300  ml  of  overnight  culture 
from  selected  BAC  clones  using  the  Qiagen  MIDI  prep 
plasmid  kit.  BAC  end  termini  were  sequenced  using  0.8-1 .0 
jixg  of  purified  BAC  DNA,  T7  or  SP6  primers,  and  BigDye 
terminator  chemistry  (Applied  Biosystems,  Foster  City,  CA). 
Nucleotide  sequences  were  analyzed  with  Sequencher  3.0 
(Gene  Codes,  Ann  Arbor,  MI)  and  primers  were  designed 
(Table  5). 
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The  SLC6A4  gene  encodes  the  serotonin  transporter,  the  target  of  an  important  class  of  antidepressant 
drugs  (serotonin  selective  reuptake  inhibitors).  Polymorphisms  in  the  SLC6A4  gene  have  been  reported  to 
be  associated  with  susceptibility  to  depression  and  other  psychiatric  disorders.  We  have  constructed  a 
1  Mb  YAC  and  PAC  contig  which  harbours  both  the  SLC6A4  and  the  carboxypeptidase  D  (CPD)  genes.  The 
order  of  loci  within  the  contig  was  cen-D17S975-D17S1549-24R-D17S1294-5/.C6A4-28L-(CPD,  D17S2009, 
D17S2004)-D17S2120-ter.  Both  genes  were  deleted  in  one  of  17  neurofibromatosis  typel  (NF1)  patients 
carrying  submicroscopic  NF 7  contiguous  gene  deletions.  European  Journal  of  Human  Genetics  (2000)  8,  75-78. 
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Introduction 

The  actions  of  the  neurotransmitter  serotonin  (5-HT)  are 
terminated  by  reuptake  via  a  Na+ -dependent  serotonin 
transporter  (SERT)  encoded  by  the  SLC6A4  gene.  The  SERT  is 
the  target  for  an  important  class  of  antidepressant  drugs  (the 
serotonin  selective  reuptake  inhibitors)  and  also  of  certain 
drugs  of  abuse  including  3,4-Methylenedioxymethampheta¬ 
mine  (MDMA  or  'ecstasy')-  Polymorphisms  in  the  SLC6A4 
gene  have  been  reported  to  be  associated  with  depression  and 
other  psychiatric  disorders  and  to  influence  personality  traits 
(reviewed  by  Lesch1).  To  facilitate  studies  of  the  molecular 
basis  of  these  associations,  we  have  constructed  a  map  of  a 
1Mb  region  encompassing  the  human  SLC6A4  and  CPD 
genes.  We  have  evaluated  the  contribution  of  these  genes  to 
the  phenotype  observed  in  patients  with  NFl  contiguous 
gene  deletions. 

Materials  and  methods 

Construction  and  analyses  of  physical  contig 

Positive  clones  were  identified  by  hybridisation  of 
[a-32P]dCTP-labelled  SLC6A4  cDNA  to  the  RPC-1  PAC  library 
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and  YAC  libraries  from  ICRF  (35D8,  132C6  and  49 A9)  and 
CEPH  (704F1,  782E2  and  765D1).  Yeast  DNA  was  prepared  by 
combined  methods  of  Schedl  et  al2  and  Beilis  et  al?  Pulsed- 
field  gel  electrophoresis  was  performed  in  0.5  x  TBE  buffer  at 
6 V/cm  for  24 h  at  14°C  with  60s  switch  time  and  gels  were 
blotted  overnight  onto  Appligene  Positive  Membrane.  Filters 
were  sequentially  hybridized  with:  (i)  a  854  bp  Pst  I  fragment 
of  SLC6A4  cDNA  (bp  785-1639,  GenBank  accession 
no.  L05568);  (ii)  a  2.3  kb  Eco  RI-Pvu  II  fragment  of  pBR322; 
(iii)  28L,  a  3.2  kb  Not  I  -  Eco  RI  fragment  of  PAC  50G6,  about 
40 kb  5'  of  the  SLC6A4  gene  adjacent  to  the  T7  promoter 
sequence  from  the  vector  pCYPAC2N;  (iv)  24R,  a  8.4  kb  Not  I 
-  Hind  III  fragment  of  PAC  50G6,  about  15  kb  3'  of  the 
SLC6A4  coding  sequence  adjacent  to  the  SP6  promoter 
sequence  of  the  vector.  YACs  were  sized  by  hybridisation  to 
pBR322  plasmid  DNA,  using  the  endogenous  yeast  chromo¬ 
somes  as  size  references.  PCR  was  performed  for  30  or 
35  cycles  with  primers  listed  in  Table  1. 

Patient  and  somatic  cell  hybrid  lines 
Patient  UWA 106-3  is  hemizygous  for  a  microdeletion  of 
about  1-1.5  Mb  that  spans  the  entire  NFl  gene.4  The  human/ 
rodent  somatic  hybrid  cell  lines  UWA106-3-#36  and 
UWA106-3-#41  harbour,  respectively,  the  deleted  and  non- 
deleted  chromosomes  17  from  this  patient.4  Fluorescence  in 
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situ  hybridisation  (FISH)  was  carried  out  with  biotin- 
11-dATP-labelled  50G6  PAC  DNA.5 

Results 

Characterisation  of  the  SLC6A4  gene  and  PAC  clones 
Long-range  PCR  of  human  genomic  DNA  with  six  pairs  of 
primers  indicated  that  the  SLC6A4  gene  spanned  approx¬ 
imately  40  kb  (Table  1).  One  PAC  (50G6)  contained  the  entire 
coding  sequence  of  the  SLC6A4  gene.  Southern  blot  analysis 
of  Notl  digested  50G6  DNA  revealed  a  40  kb  fragment  that 
hybridised  to  end  clone  28L,  a  55  kb  fragment  that  hybridised 
to  end  clone  24R,  and  a  16  kb  fragment  from  the  PAC  vector 
(data  not  shown).  We  concluded  that  50G6  contains  the 
entire  SLC6A4  gene  flanked  by  about  40  kb  of  5’  sequence  and 
about  15  kb  of  3'  sequence. 

Construction  of  SLC6A4  contig 

The  contig  depicted  in  Figure  1  was  assembled  by  analysis  of 
6YACs  and  the  PAC  50G6  for  the  presence  of  6  STS  markers 
and  for  the  PAC  end  clones  24R  and  28L.  Five  of  the  six  YACs 
harboured  the  entire  SLC6A4  gene,  whereas  704F1  lacked  the 
5'  untranslated  region  and  first  exon.  These  data  oriented  the 
3’  end  of  the  SLC6A4  gene  towards  the  chromosome  17 
centromere.  D17S1294  mapped  <  15  kb  centromeric  to  the  3' 
end  of  the  SLC6A4  gene,  since  it  was  present  in  704F1  but  not 
in  49A9.  All  clones  carried  the  10  repeat  allele  of  SLC6A4 
intron2  polymorphism;6  YAC  clones  from  ICRF  library 
carried  the  short  allele  of  the  promoter  polymorphism,7 
while  those  from  the  CEPH  library  carried  the  long  allele. 

Carboxypeptidase  D  gene  maps  telomeric  to  SLC6A4 
A  163  kb  genomic  sequence  from  human  chromosome  17 
(GenBank  AC006050)  encodes  the  entire  CPD  gene,  with 
D17S2004  and  D17S2009  within  the  predicted  3'  untrans¬ 
lated  region.  The  presence  of  the  CPD  gene  in  YACs  35D8, 
765D1  and  49A9  was  confirmed  using  both  forward  primers 
of  D17S2009  and  D17S2004  and  with  two  pairs  of  primers 
(cpd6740F/cpd6858R,  and  cpd!065F/cpdl768R:  Table  1) 


from  CPD  cDNA.  We  concluded  that  the  CPD  gene  lies 
telomeric  to  the  SLC6A4  gene  within  the  contig. 

Hemizygotic  deletion  of  the  SLC6A4  and  CPD  genes  in  a 
NF1  patient 

Our  YAC  contig  does  not  contain  the  NF1  gene,  since  none  of 
the  YAC  clones  yielded  products  with  PCR  primer  pairs  from 
exons  1,  27a  and  49.2  of  the  gene.8  However,  because  the 
deletion  in  UWA106-3  included  loci  predicted  to  map  nearer 
the  centromere  than  SLC6A4  ,  we  subjected  metaphase 
chromosomes  prepared  from  immortalised  lymphoblasts  of 
this  patient  to  FISH  using  50G6  as  the  probe.  Only  one 
hybridisation  signal  was  observed,  confirming  the  hemi- 
zygosity  of  the  SLC6A4  locus  (Figure  2a).  PCR  of  DNA  from 
rodent/human  somatic  hybrid  cell  lines  carrying  either  the 
deleted  or  non-deleted  chromosomes  17  of  UWA106-3  indi¬ 
cated  that  the  deletion  encompassed  the  CPD  and  SLC6A4 
genes  and  D17S2120  but  not  D17S1294  or  D17S1549  (Fig-  Fi( 

ure2b).  Therefore,  the  centromeric  breakpoint  of  the  dele-  an 

tion  in  this  patient  lies  in  a  <  15  kb  region  between  exon  14  of  ST 

the  SLC6A4  gene  and  D17S1294  (arrow  head,  Figure  lb).  13 

Neither  the  SLC6A4  nor  the  CPD  gene  was  deleted  in  inf 

16  additional  NF1  microdeletion  patients4  examined. 


Discussion 

We  report  here  the  construction  of  a  1  Mb  contig  encompass¬ 
ing  the  SLC6A4  and  CPD  genes  and  eight  marker  loci.  Our 
results  confirm  the  localisation  of  SLC6A49'10  and  CPD11  to 
chromosome  17qll.2-17ql2.  The  SLC6A4  and  CPD  genes 
were  deleted  in  1/17  NF1  microdeletion  patients  tested,  but 
our  data  suggest  that  the  majority  of  such  patients  will  not  be 
haploinsufficient  for  SERT  and  CPD.  The  identification  of 
eight  marker  loci  flanking  the  SLC6A4  and  CPD  genes  will 
facilitate  future  studies  of  their  role  in  susceptibility  to 
developmental  and  psychiatric  disorders.  This  contig  will 
also  provide  a  centromeric  anchor  for  chromosomal  walking 
towards  the  NF1  gene,  which  may  lead  to  the  discovery  of 
other  genes  contiguous  to  NFL  Functional  analysis  of  these 


Table  1  PCR  primers  for  SLC6A4  and  CPD  genes 

Forward  primers  (S' -3')  Reverse  primers  (S’ -3’)  Product  Size 


31013  CACCTAACCCCTAATGTCCCTACT 
1  AP(F)  GCGTCTAGGTGGCACCAGAATC 
43084  CCTGCGAGGAGGCGAGGAGG 
44771  CTAGTGACTGACATTGCCTGG 
43088  GCCTGGCGTTGCCGCTCTGAATGC 
26373  ACTAACCAGCAGGATGGAGACG 
1 8564  GTCAGTATCACAGGCTGCGAG 
E2F  ACTAACCAGCAGGATGGAGACG 
54073  TGGCAAGGTGAGGAAGGCTCTGG 
5A  ATGAAGATGTGTCTGAGGTGG 

6A  TACGTGGTGAAGCTGCTGGA 

26375  AGTTCTGATGAGGCACGC 
60703  ATCACATTAGAACTGTCTTGTTGC 
60705  TTATGTAGTTCAGTAAGATGTGCC 


31014  GGACTGAGCTGGACAACCAC 
1  AP(R)  TCGCGCTTGTGTTCCC  AGCTAC 
43085  AACTCCTCTCGGTGACTAATCG 
44772  TGTCCAGTCTATCTGCACATG 
43089  TAGCAGCAGCAGTGAGCAGTTACC 
26374  TAGAGTGCCGTGTGTCATCTCC 
1 8565  TGTTCCTAGTCTTACGCCAGTG 
2B  TTAGACCGGTGGATCTGCAG 
54074  CCACCTCAGACACATCTTCATTCC 
5B  ACAGCGACTGCTTCGATCAG 
P3  GAGGAGGAGGTTGTGGAGAAGCC 
26376  TTCATCACCTCCATCCACATCC 
60704  AGGTATTCTATGAGGTTCAACAGC 
60706  GCAAGTATTCTTCAACTGGATAGG 


SLC6A4  5-HTTLPR 

458/502  bp 

SLC6A4  Exon  1  a 

545  bp 

SLC6A4  Exon  1-lntron  la 

10  kb 

SLC6A4  Exon  1  b 

824  bp 

SLC6A4  Intron  la-Exon  2 

3.5  kb 

SLC6A4  Exon  2 

199  bp 

SLC6A4  Intron  2  VNTR 

249/266/299  bp 

SLC6A4  Exons  2-5 

5  kb 

SLC6A4  Exons  5-8 

4  kb 

SLC6A4  Exons  8-1 1 

3.8  kb 

SLC6A4  Exons  11-14 

>12  kb 
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223  bp 

CPD  1065F  +  CPD  1768R 
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Deletion  in  UWA106-3 


704F1  (640  kb) 
49A9  (230  kb) 
782E2  (600  kb) 
765D1  (1000  kb) 
35D8  (500  kb) 
132C6  (630  kb) 
50G6  (95  kb) 


5'-SCL6A4-3' 


Figure  1  Mapping  of  the  SLC6A4  and  CPD  genes  to  1 7q1 1  in  a  VAC/PAC  contig.  a  Physical  map  of  the  region  between  1 7cen 

and  D1 7S54;  b  the  extent  of  the  deletion  ( - )  in  the  patient  UWA1 06-3;  c  positions  of  the  SLC6A4  (■)  and  CPD  f§  genes, 

STS  markers  and  other  probes  (circles)  in  6YACs  and  one  PAC  (50C6)  clone.  Putative  regions  of  chimaerism  in  YACs  704F1  and 
132C6  are  shaded.  The  orientations  of  the  long  (L)  and  short  (S)  YAC  vector  arms  are  indicated  where  known.  Orientation  of  the 
insert  in  PAC  50C6  is  shown  relative  to  the  SP6  and  T7  promoters  of  the  vector. 
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genes  should  play  a  role  in  the  understanding  of  neurofi¬ 
bromatosis  as  well  as  other  developmentai/psychiatric 
disorders. 
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Evidence  that  juvenile  myelomonocytic  leukemia  can  arise 
from  a  pluripotential  stem  cell 

Laurence  J.  N.  Cooper,  Kevin  M.  Shannon,  Michael  R.  Loken,  Molly  Weaver,  Karen  Stephens,  and  Eric  L.  Sievers 


Children  with  neurofibromatosis  type  1 
(NF1)  carry  germline  mutations  in  one 
allele  of  the  NF1  gene  and  are  predis¬ 
posed  to  myeloid  malignancies,  particu¬ 
larly  juvenile  myelomonocytic  leukemia 
(JMML).  Disruption  of  the  remaining  NF1 
allele  can  be  found  in  malignant  cells. 
Flow  cytometric  cell  sorting  techniques 
to  isolate  the  malignant  cell  populations 

Introduction  _ 


and  molecular  genetic  methods  to  assay 
for  somatic  loss  of  the  normal  NF1  allele 
were  used  to  study  an  unusual  child  with 
NF1  and  JMML  who  subsequently  had 
T-cell  lymphoma.  The  data  show  that  ma¬ 
lignant  JMML  and  lymphoma  cells  share 
a  common  loss  of  genetic  material  involv¬ 
ing  the  normal  NF1  gene  and  approxi¬ 
mately  50  Mb  of  flanking  sequence,  sug¬ 


gest  ng  that  the  abnormal  T-lymphoid  and 
myeloid  populations  were  derived  from  a 
common  precursor  cell.  These  data  sup¬ 
port  the  hypothesis  that  JMML  can  arise 
in  a  pluripotent  hematopoietic  cell.  (Blood. 
2000;96:2310-2313) 


©  2000  by  The  American  Society  of  Hematology 


Juvenile  myelomonocytic  leukemia  (JMML)  is  a  relentless  myelo¬ 
proliferative  disorder  of  children  characterized  by  the  monoclonal 
overproduction  of  myeloid  cells.1*2  Up  to  14%  of  cases  occur  in 
children  with  neurofibromatosis  type  1  (NF1),3<4  an  autosomal 
dominant  disorder  caused  by  germline  inactivation  of  one  allele  of 
the  NF1  gene  on  chromosome  17.  JMML  can  involve  more  than  the 
myeloid  lineage5  because  a  malignant  clonal  expansion  of  ery- 
throid  cells  has  been  inferred  by  cytogenetic,6  X  chromosome 
inactivation7  and  microsatellite  polymorphic  marker  studies,8  and  a 
JMML  patient  has  been  reported  whose  disease  evolved  to 
pre-B-cell  acute  lymphoblastic  leukemia  (ALL).9  Here  we  de¬ 
scribe  a  boy  with  NF1  who  was  brought  for  treatment  for  JMML 
and  in  whom  a  T-cell  lymphoma  later  developed.  Molecular  genetic 
and  flow  cytometric  analyses  provided  strong  evidence  that  both 
malignant  clones  derived  from  a  common  precursor  with  pluripo¬ 
tent  potential,  suggesting  that  JMML  is  a  stem  cell  disorder. 


Study  design 

Case  report 

A  3 ‘/2-year-old  boy  with  NF1  inherited  through  the  maternal  lineage  was 
brought  for  treatment  for  JMML.  Physical  examination  showed  numerous 
caf 6  au  lait  spots  and  enlarged  tonsils  but  an  absence  of  hepatospleno- 
megaly.  His  white  blood  cell  count  was  96  700/p.L,  with  4%  circulating 
myelocytes/metamyelocytes,  a  hemoglobin  level  of  10.1  g/dL,  and  a 
platelet  count  of  218  000/jxL.  The  bone  marrow  showed  an  overwhelming 
myeloid  predominance  with  less  than  5%  blasts  and  a  normal  karyotype, 
46, XY.  His  peripheral  blood  myeloid  cells  formed  colony-forming  unit 
granulocyte-macrophage  colonies  in  methylcellulose  cultures  without  exog¬ 
enous  growth  factors. 


During  the  next  4  months  leukocytosis  persisted  and  was  complicated  by  a 
worsening  anemia  and  thrombocytopenia  with  an  enlarging  spleen,  failure  to 
thrive,  and  airway  obstruction  caused  by  hypertrophied  tonsils.  There  was  no 
response  to  isotretinoin  administered  at  100-200  mg/m2  per  day.  Adenotonsillec- 
tomy  and  splenectomy  were  performed,  and  histopathologic  examination  of  the 
adenoids  and  tonsils  revealed  a  dense  infiltration  with  myeloperoxidase-positive 
cells.  Similarly,  the  enlarged  spleen  showed  expansion  of  the  red  pulp  by 
immature  myeloid  cells.  New,  diffuse  adenopathy  and  hepatomegaly  developed  6 
weeks  later.  A  lymph  node  biopsy  revealed  a  T-cell  expansion  consistent  with 
lymphoma.  He  received  combination  high-dose  chemotherapy,  but  respiratory 
distress,  anasarca,  and  renal  failure  ensued,  which  led  to  his  death  8  months  after 
the  diagnosis  of  JMML. 

Flow  cytometry 

Monoclonal  antibodies  were  obtained  from  Becton  Dickinson  Immunocy- 
tometry  Systems  (San  Jose,  CA),  DAKO  (Carpinteria,  CA),  and  Pharmin- 
gen  (San  Diego,  CA).  Flow  cytometric  analysis  of  the  lymphomatous  node 
and  bone  marrow  aspirate  was  performed  as  previously  described.1  Using  a 
FACS  Vantage  (Becton  Dickinson),  viable  cells  from  an  enlarged  lymph 
node  were  separated  into  CD4+surface  CD3"  (CD4+sCD3“)  lymphoma 
cells,  and  CD4+sCD3+  (phenotypically  normal  T  cells)  populations  and 
viable  bone  marrow  cells  were  purified  as  bright  CD45+  with  bright  CD5+ 
(phenotypically  normal  T  lymphocytes),  bright  CD45  with  intermediate 
side  scatter  (monocytes),  and  intermediate  CD45  with  high  side  scatter 
(maturing  granulocytes)  populations.  The  cells  were  lysed  immediately 
with  DNA  preparation  buffer  (Gentra  Systems,  Minneapolis,  MN)  and  were 
snap-frozen  in  liquid  nitrogen. 

DNA  extraction  and  analysis  for  loss 
of  constitutional  heterozygosity 

DNA  was  isolated  from  unfractionated  and  sorted  blood,  bone  marrow, 
spleen,  and  lymph  node  populations  as  described.11  To  screen  for  loss  of 
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heterozygosity  (LOH)  at  NF1,  4  intragenic  polymorphisms  were  assayed: 
EVI-20,12  an  Alu  repeat,13  a  dinucleotide  repeat,14  apd  a  complex  repeat.15 
The  extent  of  the  chromosome  17  LOH  region  was  determined  by  assay  of 
polymorphic  loci  UT17212  and  by  9  loci  defined  in  the  Genome  Database 
(http://gdbwww.gdb.org/)  by  their  identification  numbers — D17S926  (GDB, 
199252),  D17S805  (GDB,  188452),  D17S1294  (GDB,  686175),  D17S1800 
(GDB,  607032),  D17S250  (GDB,  177030),  D17S836  (GDB,  1218969), 
D17S1806  (GDB,  607848),  D17S1830  (GDB,  1218973),  and  D17S928 
(GDB,  1218974).  Each  locus  was  assayed  using  the  polymerase  chain 
reaction  (PCR)  to  amplify  DNA  segments  that  contained  a  variable  number 
of  short  nucleotide  repeats.  Thermocycle  parameters  and  procedures  for 
genotyping  each  locus  have  been  described.12’15  Radiolabeled  PCR  prod¬ 
ucts  were  resolved  by  electrophoresis.  Loss  and  retention  of  heterozygosity 
was  determined  by  comparing  the  alleles  detected  in  the  blood  of  both 
parents  with  the  allele(s)  detected  in  the  patient’s  tissues. 


Results  and  discussion 

LOH  for  NFJ  served  as  a  marker  of  somatic  inactivation  of  the 
normal  allele  in  various  hematopoietic  compartments  and  cells 
showing  LOH  at  NF1  are  likely  to  be  derived  from  a  common 
precursor  cell.  Similarly,  X  chromosome  inactivation  has  been  used 
to  demonstrate  the  clonality  of  mononuclear  cells  in  girls  with 
JMML.7  To  test  whether  the  lymphoid  and  myeloid  cells  shared  a 
common  LOH  of  NF1  in  this  patient,  subpopulations  of  normal  and 
aberrant  cells  were  identified  and  purified  using  flow  cytometry  and 
subjected  to  genetic  analysis. 

Cells  from  the  enlarged  lymph  node  showed  2  populations  by 
forward  and  side  scatter  displays  (Figure  1).  The  population  of 
small  cells  revealed  a  mixture  of  phenotypically  normal  B,  T,  and 
natural  killer  lymphoid  cells.  The  large  lymphoma  cells  (red), 
which  comprised  40%  of  viable  cells,  were  consistent  with  T-cell 
lymphoma.  Using  surface  (s)  staining  for  CD4  and  CD3,  the  T  cells 
were  sorted  into  an  abnormal  and  a  phenotypically  normal  popula¬ 
tion  defined  as  CD4+sCD3“  and  CD4+sCD3+,  respectively.  Cells 
with  this  abnormal  phenotype  could  not  be  identified  in  the  bone 
marrow  (lower  limit  of  detection  less  than  0.5%).  Bone  marrow 
was  also  used  to  purify  aberrant  myeloblasts  expressing  CD7  and 
normal  T  lymphocytes  (CD4+sCD3+),  as  well  as  monocytoid 
forms  and  maturing  neutrophils. 

Loss  of  the  normal  NF1  allele  inherited  from  his  father  was 
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detected  in  the  patient's  blood  and  bone  marrow  specimens 
obtained  at  the  initial  diagnosis  of  JMML  (Figure  2A,  lanes  3  and  4, 
respectively).  A  similar  loss  of  the  normal  paternal  NF1  allele  was 
identified  in  the  lymph  node  and  in  bone  marrow  cells  obtained 
with  the  onset  of  diffuse  adenopathy  (lanes  5  and  7,  respectively), 
in  maturing  monocyte  and  neutrophil  fractions  purified  from  the 
bone  marrow  (lanes  8  and  9,  respectively),  and  in  the  immunophe- 
notypically  aberrant  CD4+sCD3“  subpopulation  of  cells  purified 
from  the  lymphomatous  lymph  node  (lane  11).  Unfractionated 
spleen  cells  (lane  6)  showed  a  marked  reduction  in  the  signal 
derived  from  the  paternal  allele,  a  result  that  is  consistent  with  an 
admixture  of  NF1~;~  and  NF1  +/~  cells.  In  contrast,  the  intensities 
of  the  mutant  maternal  and  normal  paternal  alleles  were  similar  in 
the  phenotypically  normal  CD4+CD3+  T  cells  isolated  from  the 
lymph  node  (lane  10)  and  from  the  phenotypically  normal  CD5+  T 
cells  purified  from  bone  marrow  (data  not  shown),  suggesting  that 
these  cells  were  not  involved  in  the  malignant  process. 

To  further  investigate  whether  JMML  and  lymphoma  cells 
derived  from  a  common  progenitor,  loci  spanning  the  length  of 
chromosome  17  were  assayed  for  LOH.  Although  multiple  loci 
showed  LOH  in  JMML  cells  and  lymphomatous  lymph  node  cells 
(CD4+sCD3_),  representative  data  for  the  D17S805  locus,  which 
retained  heterozygosity,  and  D17S1294,  which  lost  heterozygosity, 
are  shown  in  Figure  2B.  The  loci  that  lost  heterozygosity  were 
identical  and  spanned  the  long  arm  of  the  chromosome,  a  large 
region  greater  than  50  Mb  in  length  (Figure  2B).  In  contrast,  the 
normal  CD4+sCD3+  T  cells  from  the  lymph  node  retained 
heterozygosity  at  all  chromosome  17  loci  tested.  These  data 
strongly  implicate  a  single  genetic  event  that  resulted  in  loss  of  the 
normal  paternal  NF1  allele  in  a  progenitor  cell  that  gave  rise  to  both 
the  myeloid  leukemia  and  the  lymphoma  clones. 

The  most  likely  genetic  mechanism  of  LOH  in  this  case  is  a 
recombination  between  D17S805  and  D17S1294  of  a  maternal  and 
a  paternal  chromatid  during  the  S/G2  phase  of  the  cell  cycle  of  an 
ancestral  cell.  All  possible  recombinants  would  have  2  apparently 
normal  chromosome  17  homologs,  which  is  consistent  with  the 
results  of  the  2  independent  cytogenetic  normal  analyses  of  bone 
marrow  from  our  patient.  One  recombinant  would  carry  the 
unaltered  NF1  maternal  chromosome  and  a  paternal  chromosome 
in  which  the  17q  arm  with  the  NF1+  allele  had  been  replaced  with 


Figure  1.  Multidimensional  flow  cytometric  analy¬ 
sis  of  lymph  node  cells.  Two  populations  could  be 
defined  based  on  forward  and  side  light  scatter  (A).  The 
larger  T-cell  lymphoma  population  (red)  expressed 
CD2  and  HLA-DR  (B),  CD4  without  CD8  (C),  and  CD5 
and  CD7  (D).  It  did  not  express  CD3  or  CD56  on  the 
surface  (E),  but  it  had  CD3  in  the  cytoplasm  (F)  and 
were  CD5dim,  CD7dim,  CD10dim,  CD1a~,  TdT~,  CD13“, 
and  CD34“  and  did  not  express  B  lymphoid  markers 
(data  not  shown).  Small  cells  in  the  lymph  node 
contained  normal  B  (green,  20%)  and  T  (blue,  24%) 
lymphocytes  and  natural  killer  cells  (gray,  7%). 
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Figure  2.  Analysis  of  tissue  from  the  patient  and  of  blood  from  his  parents  for 
LOH  at  NF1.  (A)  DNA  samples  were  amplified  using  oligonucleotides  corresponding 
to  the  intragenic  marker  EVI-20.  DNA  obtained  from  the  mother  with  NF1  (A/Ff1,  lane 
1)  and  the  unaffected  father  ( NF1+/+ ,  lane  2).  Patient  peripheral  blood  (lane  3)  and 
unfractionated  bone  marrow  (lane  4)  were  obtained  at  the  time  of  initial  presentation 
and  diagnosis  of  JMML.  Lymph  node  (lane  5),  spleen  (lane  6),  unfractionated  marrow 
(lane  7),  maturing  marrow  monocytes  (lane  8),  and  marrow-derived  neutrophils  (lane 
9)  and  the  lymph  node  subpopulations— CD4+sCD3+  (lane  10)  and  CD4+sCD3“ 
(iane  n ) — were  obtained  at  the  time  of  the  diagnosis  of  lymphoma.  Different  alleles 
are  designated  in  size  order,  beginning  with  the  letter  a.  (B)  Identical  chromosome  17 
loci  showed  LOH  in  both  primary  leukemic  and  lymphoma  cells.  Bars  represent  a 
schematic  of  the  patient’s  paternally  derived  chromosome  17  in  bone  marrow,  lymph 
node,  sCD3+  (phenotypically  normal  CD4+  T  cells),  and  CD4+sCD3~  (abnormal 
lymphoma)  cells,  designated  as  CD4+.  The  heterozygosity  status  of  informative  loci 
is  indicated  by  the  shaded  bar  for  loci  that  lost  heterozygosity  or  the  open  bar  for  loci 
that  retained  heterozygosity.  Interlocus  genetic  distances  in  centiMorgans  (cM)  are 
indicated  to  the  left  of  each  interval  as  estimated  from  a  chromosome  17  sex- 
averaged  map  (http://www.marshmed.org/genetics/).  Data  illustrating  the  retention  of 
heterozygosity  at  the  D17S805  locus  and  the  loss  of  heterozygosity  at  the  D17S1294 
locus  are  shown  to  the  right.  DNA  samples  are  as  follows:  lane  1 ,  patient's  unaffected 
father;  lane  2,  patient's  mother  affected  with  NF1;  lane  3,  patient’s  unfractionated 
bone  marrow;  lane  4,  patient’s  lymph  node;  lane  5,  CD3'1'  cells  from  the  lymph  node; 
lane  6,  CD4+  cells  from  the  lymph  node;  positive  and  negative  controls  are  not 
shown.  For  each  locus,  2  alleles,  designated  simply  as  a  and  b,  are  segregating  in 
this  family.  Differences  in  band  intensity  are  caused  by  differences  in  the  amount  of 
DNA  loaded  per  lane. 


the  corresponding  maternal  17q  region  carrying  the  NF1  allele. 
This  putative  progenitor  cell  would  carry  2  maternal  NF1  alleles,  2 
maternal  alleles  for  the  additional  approximately  500  genes  in  the 
LOH  region,  and  a  single  maternal  and  paternal  allele  for  the 
remaining  chromosome  17  loci.  Therefore,  the  progenitor  cell 
showed  maternal  isodisomy  for  nearly  all  loci  at  chromosome  17q. 


Isodisomy  resulting  from  a  single  mitotic  recombination  is  a 
common  mechanism  of  LOH  in  other  tumor  types.17*18 

Although  NF1  allele  loss  was  generally  restricted  to  the 
myeloid  compartment  in  previous  studies  of  NF1 -associated  leuke¬ 
mia,  it  has  been  reported  in  B-lineage  lymphoid  cells,  such  as  an 
Epstein-Barr  virus  (EBV)-transformed  lymphoblastoid  cell  line 
derived  from  a  child  with  JMML.6  Additional  evidence  that  the 
stem  cell  giving  rise  to  JMML  has  pluripotent  potential  comes  from 
a  patient  with  JMML,  whose  disease  evolved  to  B-cell  acute 
lymphocytic  leukemia.9  Our  data  extend  these  reports  by  demon¬ 
strating  clonal  proliferation  of  malignant  T-lymphoid  lineage  cells 
in  a  patient  with  JMML. 

If  the  normal  NF1  gene  is  inactivated  in  a  pluripotent  hematopoi¬ 
etic  stem  cell,  it  is  unclear  why  children  with  NF1  are  strongly 
predisposed  to  JMML  but  not  to  lymphoid  malignancies.  This 
observation  is  not  restricted  to  humans;  the  adoptive  transfer  of 
murine  Nfl -deficient  fetal  liver  cells  consistently  induces  a  JMML- 
like  myeloproliferative  disorder  without  lymphoid  abnormalities.19 
Together,  the  human  and  murine  data  suggest  that  loss  of  NF1  (or 
Nfl)  confers  a  proliferative  advantage  that  is  predominately 
expressed  in  the  myeloid  lineage.  As  suggested  by  a  previous 
report20  showing  polyclonality  in  the  T-lymphoid  lineage  in  a  child 
with  JMML,  the  emergence  of  a  T-cell  lymphoma  may  require  the 
development  of  cooperating  genetic  mutations  that  are  distinct 
from  NF1  inactivation. 

NF1  encodes  neurofibromin,21  and  genetic  and  biochemical 
studies  have  shown  that  NF1  functions  as  a  tumor  suppressor  gene 
in  immature  myeloid  cells  by  negatively  regulating  Ras.22  Inactiva¬ 
tion  of  NF1  is  associated  with  the  constitutive  activation  of  Ras 
signaling  resulting  in  hyperactivation  in  response  to  stem  cell 
factor,  IL-3,  and  granulocyte-macrophage  colony-stimulating  fac¬ 
tor  (GM-CSF).19*23*25  These  data  raise  the  possibility  that  the 
myeloproliferative  phenotype  seen  in  JMML  is  caused  by  deregu¬ 
lated  Ras  signaling  in  response  to  GM-CSF  and  other  myeloid 
growth  factors.  Presumably,  additional  mutations  within  the  aber¬ 
rant  NF1~!~  clone  of  our  patient  resulted  in  the  outgrowth  of  a 
malignant  T-lymphoid  precursor  clinically  manifested  as  a  T-cell 
lymphoma. 

In  conclusion,  analysis  of  this  unusual  patient  provides  insights 
into  the  clonal  origins  of  JMML  and  the  proliferation  of  NF1- 
deficient  hematopoietic  cells,  and  our  data  support  the  hypothesis 
that  at  least  some  cases  of  JMML  originate  in  a  pluripotent 
hematopoietic  stem  cell. 
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ABSTRACT 


Homozygous  inactivation  of  tumor  suppressor  genes  is  a  fundamental  mechanism  of  tumorigenesis 
that  is  frequently  associated  with  loss  of  heterozygosity  (LOH).  Here  we  show  that  somatic 
inactivation  at  the  NF1  tumor  suppressor  gene  is  commonly  associated  with  isodisomy  of  a  60  Mb 
interstitial  segment  of  the  long  arm  of  chromosome  17  in  myeloid  leukemias  from  neurofibromatosis  1 
patients.  Unexpectedly,  both  the  centromeric  and  telomeric  LOH  breakpoints  were  clustered  at  specific 
locus  intervals.  In  these  cases,  the  malignant  precursor  cell  developed  LOH  by  a  novel  mechanism 
whereby  interstitial  isodisomy  occurred  by  homologous  recombination  at  two  putative  mitotic 
recombination  hotspots  during  the  S/G2  phase  of  the  cell  cycle.  LOH  at  interstitial  chromosomal  loci, 
which  occurs  frequently  in  human  tumors,  is  commonly  assumed  to  arise  by  deletion  with  ill-defined 
LOH  breakpoints.  Interstitial  isodisomy  with  clustered  breakpoints  may  be  a  common,  but  previously 
unrecognized,  mechanism  of  LOH  in  human  cancer.  If  so,  this  would  have  significant  implications  for 
mechanisms  of  tumorigenesis  and  for  identifying  mitotic  recombination-prone  sites  in  the  genome. 
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INTRODUCTION 

Homozygous  inactivation  of  tumor  suppressor  genes  is  a  fundamental  mechanism  of  tumorigenesis. 

It  occurs  by  either  sequential  somatic  inactivation  of  both  alleles  or  by  a  somatic  mutation  in  the  single 
normal  homolog  in  individuals  who  inherit  a  germline  mutation  in  one  allele.  Somatic  inactivation  is 
frequently  associated  with  loss  of  heterozygosity  (LOH)  at  the  tumor  suppressor  locus  and  at  multiple 

flanking  loci*  >2.  Defining  the  minimum  chromosomal  region  showing  LOH  in  a  collection  of  tumors 
has  provided  a  powerful  strategy  for  mapping  and  cloning  tumor  suppressor  genes.  The  discovery  of 
RBI  was  followed  by  extensive  investigations  showing  that  gene  inactivation  in  retinoblastoma  tumors 
involves  any  one  of  a  number  of  mechanisms,  for  example,  methylation,  intragenic  point  mutation, 

deletion  of  a  gene,  a  chromosome  arm,  or  even  loss  of  an  entire  chromosome^.  Remarkably  little  is 
known,  however,  about  the  mechanisms  that  underlie  LOH  at  most  tumor  suppressor  loci  and  the 
potential  involvement  of  linked  genes  that  might  cooperate  in  tumorigenesis  has  received  limited 
attention. 

Inactivating  mutations  in  the  NF1  tumor  suppressor  gene  at  chromosome  band  17ql  1.2  cause  the 
autosomal  dominant  disorder  neurofibromatosis  type  1  (NF1),  which  affects  about  1  in  4000  persons^. 
While  virtually  all  affected  individuals  demonstrate  multiple  benign  neurofibromas,  only  a  small 
percentage  develop  other  NF1  -associated  neoplasms  such  as  optic  glioma,  pheochromocytoma, 

malignant  myeloid  leukemia  or  malignant  peripheral  nerve  sheath  tumoA^  LOH  at  the  NF1  locus  has 
been  reported  in  neurofibromas,  in  a  variety  of  NF1 -associated  malignancies,  and  in  tumors  from 
heterozygous  Nfl  mice^'l 1.  Tumors  that  arise  in  individuals  with  familial  NF1  invariably  show  LOH  at 
the  allele  inherited  from  their  unaffected  parent,  consistent  with  homozygous  inactivation  of  NF1. 

Somatic  intragenic  NF1  mutations  have  been  identified  in  a  few  primary  tumors  A  A  thereby  providing 
compelling  evidence  that  functional  inactivation  of  NF1  is  central  to  tumorigenesis.  Genetic  and 
biochemical  studies  performed  to  date  support  a  model  whereby  the  tumor  suppressor  function  of  NF1 
is  mediated  by  the  ability  of  it’s  protein  product,  neurofibromin,  to  negatively  regulate  ras  (reviewed  in 
ref.  14).  Neurofibromin  is  a  GTPase  activating  protein  (GAP)  for  members  of  the  p21ras  (Ras)  family, 
which  negatively  regulate  ras  output  by  accelerating  the  conversion  of  active  ras*GTP  to  inactive 
ras*  GDP. 

In  the  present  study,  we  sought  to  determine  whether  LOH  at  the  NF1  locus  in  leukemic  cells  from 
children  with  NF1  was  associated  with  a  somatic  deletion  and  whether  it  was  comparable  to  those 
reported  in  patients  with  germline  NF1  contiguous  gene  deletions.  Patients  with  germline  1.5  Mb 
microdeletions  are  remarkable  for  minor  facial  anomalies  along  with  both  an  early  age  at  onset  and 

increased  numbers  of  cutaneous  neurofibromas  14- 19  These,  and  additional  genetic  studies,  support  a 
hypothesis  whereby  the  co-deletion  of  NF1  and  a  nearby  putative  neurofibroma-potentiating  locus 
( NPL )  causes  an  early  age  at  onset  and  a  heavy  burden  of  neurofibromas.  Recently,  we  found  that  in 
>80%  of  cases,  the  germline  NF1  microdeletion  breakpoints  clustered  at  flanking  75-100  kb  elements  of 

high  sequence  identity  termed  NF1REP  A  These  data  strongly  implicated  a  deletion  mechanism 
involving  NFIREP-mediated  homologous  recombination,  which  was  subsequently  shown  to  result  from 

meiotic  recombination  primarily  during  female  gametogenesisA  For  this  study,  we  hypothesized  that 
somatic  NFIREP-mediated  deletion  could  be  the  mechanism  of  LOH  in  NFl-related  myeloid  leukemias 
and  that  hemizygosity  at  the  putative  NPL  locus  could  contribute  to  development  of  the  myeloid  tumor. 
Instead,  we  found  that  the  leukemic  cells  from  multiple  cases  showed  interstitial  isodisomy  for  a  large 
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segment  of  chromosome  1 7  that  consistently  harbored  the  inactivated  NFl  allele.  The  clustering  of  the 
LOH  breakpoints  at  small  centromeric  and  telomeric  marker  intervals  is  unprecedented  and  has  broad 
implications  for  the  pathogenesis  of  human  tumors. 

RESULTS 

Delineation  of  a  large  region  of  LOH  in  an  NF1- associated  leukemia 

In  a  previous  study,  genetic  analysis  of  bone  marrows  from  children  with  NF1  revealed  LOH  at  NF1 
in  the  CD34+  subpopulation  of  immature  myeloid  cells.  Lymphoblasts  immortalized  by  Epstein-Barr 

virus,  however,  typically  retained  NF1  heterozygosity21.  A  single  exception  was  found  in  a  9-month- 
old  boy  with  sporadic  NFl  and  an  unusual  myeloproliferative  disorder  whose  bone  marrow  and 

immortalized  lymphoblastoid  cells  both  showed  loss  of  the  maternal  NFl  allele21.  Therefore,  this 
malignant  clone  was  derived  from  a  progenitor  cell  capable  of  producing  both  myeloid  and  lymphoid 
cells.  The  retained  NFl  paternal  allele  carried  a  de  novo  R1276X  mutation  that  encoded  a  truncated 

protein  lacking  the  GAP  domain12*21.  To  determine  if  the  bone  marrow  cells  of  this  patient  showed 
LOH  at  loci  flanking  NFl,  a  series  of  chromosome  17  polymorphic  loci  were  analyzed.  LOH  of 
maternally-derived  alleles  was  detected  at  multiple  loci  spanning  nearly  the  entire  q  arm  from  D17S33  in 
band  ql  1 .2  to  D17S928  in  band  q25,  an  estimated  60  Mb  (patient  1,  Figures  1  and  2). 

LOH  is  the  result  of  interstitial  isodisomy  in  patient  1 

Cytogenetic  analyses  of  bone  marrow  and  immortalized  lymphoblastoid  cells  from  the  malignant 
clone  of  patient  1  revealed  a  karyotype  of  46, XY  with  no  detectable  chromosomal  abnormalities.  These 
results  suggested  that  the  60  Mb  LOH  region  was  not  deleted,  but  present  in  two  copies.  To  address 
this  possibility,  we  performed  fluorescent  in  situ  hybridization  (FISH)  on  the  lymphoblastoid  cells  with 

probe  Pl-12,  aPl  bacteriophage  genomic  clone  containing  a  large  segment  of  NFl  intron  27b 
Hybridization  signals  were  detected  on  both  chromosome  17  homologs  (Figure  3a).  Together,  these 
data  suggest  that  a  large  interstitial  segment  of  the  maternal  chromosome  had  been  replaced  with  the 
homologous  paternally-derived  segment  carrying  the  NFl  R1276X  allele.  The  cells  were  homozygous 
not  only  for  the  NFl  R1276X  allele,  but  for  all  paternal  alleles  and  sequences  in  the  isodisomic  region 
(Figures  1  and  2).  Because  interstitial  isodisomy  was  unexpected,  it  was  important  to  verify  that  the 
D17S928  locus,  which  retained  heterozygosity,  had  not  translocated  elsewhere  in  the  genome  of  the 
malignant  cells.  A  BAC  clone  near  17qter  containing  D17S928  was  isolated  and  used  as  a  probe  for 
FISH  analysis.  Hybridization  signals  were  observed  at  the  q  terminus  of  both  chromosome  17 
homologs  in  the  patient’s  tumor  and  in  normal  controls  consistent  with  interstitial  isodisomy  (Figure 
3b). 

LOH  is  frequently  associated  with  isodisomy  in  NFl-associated  leukemias 

Leukemia  specimens  showing  LOH  at  NFl  were  identified  from  nine  additional  NFl  patients  and 
analyzed  by  a  quantitative  NFl  gene  dosage  PCR  assay.  Because  this  assay  was  originally  validated  for 
copy  number  determination  in  normal  leukocytes,  initial  experiments  using  DNA  from  the  tumor  of 
patient  1  and  DNA  from  normal  tissue  of  his  parents  were  performed.  Each  of  these  sample  gave  NFl 
gene  dosage  values  ranging  from  0.91  -  1 .08  (Table  1).  These  values  are  consistent  with  disomy  at  NFl 
in  the  patient’s  tumor,  as  indicated  by  cytogenetic  and  FISH  analyses,  and  in  his  parents  constitutional 
DNA.  Because  these  data  suggested  that  the  assay  may  be  valid  for  zygosity  analysis  of  leukemic  cells, 
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9  additional  NF1  -related  leukemias  were  assayed.  Seven  out  of  nine  tumors  had  NFJ  dosage  values 
consistent  with  disomy  and  two  had  values  indicating  monosomy  (Table  1). 

Cryopreserved  bone  marrow  specimens,  available  from  5  of  the  10  patients,  were  analyzed  by  FISH 
to  corroborate  the  NFJ  dosage  assay  results.  The  cells  were  hybridized  with  a  chromosome  17 
centromere-specific  probe  (Cep®17)  and  with  two  NFJ  probes  (PI -9  and  PI -12).  The  probe  P263P1 
from  a  region  of  chromosome  5,  not  involved  in  leukemic  rearrangements  in  these  patients,  was  co¬ 
hybridized  with  each  NFJ  probe  to  control  for  the  increased  number  of  cells  with  one  or  no  signals  that 
can  be  seen  in  cryopreserved  bone  marrow  cells.  Because  the  results  for  NFJ  probes  Pl-9  and  P 1  -12 
were  comparable,  only  the  PI -12  data  are  shown  in  Figure  3d.  The  complete  distribution  of  signals  for 
the  four  probes  is  available  at  website.  These  experiments  provided  physical  confirmation  that  the 
leukemias  of  patients  3-6  contained  two  NFJ  alleles.  Although  the  percentage  of  cells  with  two  signals 
for  the  Pl-12  probe  was  lower  in  patient  6  (76%)  than  for  patients  3-5,  two  signals  were  noted  in  95% 
of  cells  with  the  other  NFJ  probe,  Pl-9.  The  bone  marrow  of  patient  10  revealed  monosomy  for  NFJ 
showing  two  signals  in  67%  and  one  signal  in  29%  of  cells.  Two  chromosomes  17  were  detected  by  the 
centromere-specific  probe,  consistent  with  an  interstitial  deletion  as  predicted  by  the  NFJ  dosage  assay 
(Table  1).  As  a  further  control,  cryopreserved  bone  marrow  cells  from  four  children  with  NF1  and 
malignant  myeloid  leukemias  that  did  not  show  LOH,  and  from  a  non-NFl  patient  with  acute  myeloid 
leukemia  in  complete  remission  were  analyzed  by  FISH.  Together  the  gene  dosage  and  FISH  data 
demonstrate  that  LOH  at  NFJ  is  usually  associated  with  isodisomy  in  NF1 -related  myeloid  leukemias. 

To  confirm  that  the  cells  being  examined  represented  the  malignant  clone,  a  chromosome  7-specific 
probe  (Cep®  7)  was  hybridized  to  bone  marrow  cells  of  patient  3,  who  had  monosomy  7  and  was 
disomic  at  NFJ  as  measured  by  both  the  gene  dosage  assay  and  FISH  (Table  1  and  Figure  3d).  As 
expected,  FISH  revealed  one  copy  of  chromosome  7  in  cells  that  had  two  signals  with  the  NFJ  probes 
(Table  2;  Figure  3c,d). 

Clustering  and  parental  origin  of  chromosome  17  LOH  breakpoints 

To  delineate  the  LOH  region  in  the  leukemias,  multiple  polymorphic  loci  on  chromosome  17  were 
analyzed.  Each  of  the  eight  leukemias  with  isodisomy  at  NFJ  showed  a  large  region  of  LOH  that 
spanned  a  70  cM  segment  of  the  q  arm  (Figure  2).  Among  these  cases,  both  the  proximal  and  distal 
LOH  breakpoints  were  clustered  at  marker  intervals.  In  all  eight  leukemias,  the  centromeric  breakpoints 
mapped  to  a  3  cM  interval  between  D17S959  and  D17S975.  In  some  leukemias,  informative  markers 
mapped  the  breakpoint  to  a  narrower  interval,  as  in  patient  5  where  the  breakpoint  lies  between 
D17S1878  and  D17S975.  These  two  markers  are  very  tightly  linked;  no  crossovers  occurred  between 
these  markers  in  186  meioses  (http://www.marshmed.org/genetics/).  The  distal  breakpoints  of  four  of 
the  eight  leukemias  (patients  no.  1-3,  and  6)  clustered  between  D17S1822/D17S1830  and  D17S928,  an 
interval  of  9.6  cM  (Figure  2).  Therefore,  these  patients  had  interstitial  isodisomy  at  loci  along  a  70  cM 
(or  ~60Mb)  segment.  We  could  not  determine  if  the  large  isodisomic  segment  in  the  remaining  four 
patients  was  interstitial.  Each  of  these  cases  were  isodisomic  at  D17S1822/D17S1830,  but  not 
informative  at  another  qter  locus. 

In  contrast  to  these  eight  cases,  the  region  of  LOH  was  much  less  extensive  in  the  leukemias  of 
patients  9  and  10,  which  were  monosomic  at  NFJ  as  shown  by  dosage  analysis  and  FISH.  The 
centromeric  breakpoints  in  these  cases  mapped  to  the  interval  between  D17S 1294  and  NFJ  intron  38, 
while  the  telomeric  breakpoints  localized  between  D17S1800  and  D17S250.  These  data  are  consistent 
with  an  interstitial  1-2  Mb  deletion  in  these  leukemic  clones. 
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Leukemic  cells  of  patients  1-3,  and  8  had  lost  maternal  alleles  and  were  isodisomic  for  paternally- 
derived  alleles,  whereas  the  cells  of  patients  4-7  had  lost  paternally  alleles  and  were  isodisomic  for 
maternally-derived  alleles  of  a  comparable  chromosomal  segment  (Figure  2).  In  each  patient  with 
familial  NF1,  the  isodisomic  segment  was  derived  from  the  affected  parent.  The  bone  marrows  of 
patients  1  and  10,  who  were  de  novo  cases  ofNFl  in  their  families,  showed  loss  of  the  maternal  NF1 
allele  (Table  1,  Figure  2).  These  data  infer  that  patients  1  and  10  carried  a  germline  de  novo  mutation  of 
the  paternal  NF1  allele  and  underwent  somatic  loss  of  the  normal  maternal  NF1  allele,  which  is 
consistent  with  the  reported  parental  predispositions  for  NF1  germline  mutations  19,22,23  Neither 
isodisomy  nor  microdeletion  involving  either  maternally-  or  paternally-derived  sequences  were  specific 
to  any  one  type  of  leukemia  (Table  1,  Figure  2).  In  addition,  no  obvious  differences  in  disease  course 
were  detected. 


DISCUSSION 

Mechanisms  of  LOH  at  NF1  in  leukemic  cells 

Detailed  analysis  of  myeloid  malignancies  from  10  children  with  NF1  revealed  two  distinct  patterns 
of  LOH  (Figure  4a).  In  two  cases,  interstitial  microdeletions  of  1-2  Mb  were  identified  that  resulted  in 
NF1  monosomy.  Surprisingly,  the  more  common  mechanism  underlying  LOH  in  the  eight  remaining 
cases  involved  isodisomy  for  about  60  Mb  of  17q.  We  were  able  to  confirm  the  interstitial  nature  of 
these  large  isodisomic  segments  in  four  cases  where  D17S928  was  informative.  In  addition  FISH 
verified  that  this  17q  subterminal  locus  had  not  translocated  elsewhere  in  the  genome. 

We  propose  that  interstitial  isodisomy  occurred  by  a  double  mitotic  recombination  event  between 
homologous  non-sister  chromatids  during  the  S/G2  phase  of  the  cell  cycle  of  an  ancestral  cell  (Figure 
4b).  One  of  four  possible  segregants  would  have  interstitial  isodisomy  with  homozygous  inactivation  of 
NFL  Tumors  with  the  genotypes  of  any  of  the  other  three  possible  segregants  were  not  detected, 
presumably  because  homozygous  inactivation  of  NF1  is  essential  for  outgrowth  of  the  leukemic 

clone24,25  xhe  low  frequency  of  double  mitotic  recombination  events,  estimated  at  about  1(T10  in 
normal  lymphocytes^  initially  makes  such  a  mechanism  seem  implausible.  However,  a  rare  somatic 
genetic  event  may  be  detected  frequently  if  it  confers  a  strong  proliferative  advantage  upon  the 
malignant  clone. 

Other  mechanisms  that  could  give  rise  to  17q  interstitial  isodisomy  are  less  likely.  A  double 
homologous  recombination  during  G1  could  occur,  but  would  have  the  additional  requirement  for 
chromosome  duplication.  Two  sequential  single  recombination  events  in  different  precursor  cells  are 
also  possible,  but  would  imply  that  each  independent  event  conferred  a  proliferative  advantage.  A  gene 
conversion-like  event  of  a  60  Mb  segment  would  be  unprecedented  as  the  converted  segments  reported 
in  humans  are  several  kb  in  length27-29 

Less  complex  mechanisms  could  explain  the  LOH  regions  observed  in  the  other  leukemias.  Lack  of 
informative  polymorphic  markers  near  17qter  in  leukemias  of  patients  4,5,7,  and  8  precluded 
determining  whether  the  isodisomic  regions  are  interstitial.  In  these  cases,  if  LOH  extends  throughout 
the  q  arm  it  presumably  arose  by  a  single  homologous  recombination  event  between  non-sister 
chromatids  during  S/G2.  The  leukemias  of  patients  9  and  10,  which  showed  LOH  restricted  to  a  1-2 
Mb  region  and  NF1  monosomy,  had  interstitial  deletions.  The  locations  of  these  deletions  resemble 

those  that  occur  in  patients  with  germline  NF1  contiguous  gene  deletions^. 


Interstitial  isodisomy 
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LOH  in  tumor  tissue  can  occur  by  diverse  mechanisms.  As  detailed  in  Table  3,  tumors  that  undergo 
homozygous  inactivation  of  a  tumor  suppressor  gene  can  either  retain  or  lose  constitutional 
heterozygosity  at  the  tumor  suppressor  and  at  neighboring  loci.  Promoter  methylation  leading  to 

transcriptional  silencing  is  the  paradigm  for  somatic  inactivation  with  retained  heterozygosity30.3 1 .  In 
cases  where  constitutional  heterozygosity  is  lost,  the  tumor  can  be  either  monosomic  or  disomic  at  a 
single  locus  or  at  multiple  contiguous  loci  (reviewed  in  ref.  2-4).  LOH  resulting  in  monosomy  is  due  to 
the  physical  loss  of  DNA  sequences,  while  LOH  resulting  in  isodisomy  involves  the  "replacement"  of 
the  normal  tumor  suppressor  allele  with  the  mutated  homolog.  LOH  and  isodisomy  of  an  entire 

chromosome  occurs  if  loss  by  nondisjunction  is  followed  by  chromosomal  gain  (or  vice  versa)32.33. 
LOH  and  partial  isodisomy  for  a  chromosome  arm  results  from  a  single  mitotic  recombination  between 
homologs;  all  loci  between  the  site  of  recombination  and  the  telomere  are  homozygous.  This  is  a 
common  mechanism  that  accounts  for  the  majority  of  LOH  events  in  retinoblastomas  and  in  normal 

human  somatic  cell  lines34  35-36.  This  mechanism  also  accounts  for  the  20%  of  Beckwith-Wiedemann 
syndrome  cases  that  are  mosaic  for  1  lp  paternal  isodisomy;  interestingly,  the  degree  of  mosaicism 
correlates  with  organ  enlargement32.3^. 

Examples  of  LOH  occurring  at  interstitial  chromosomal  loci  are  rife  in  the  literature  (for  example  ref. 

34,39-44  However,  unambiguous  evidence  that  the  involved  loci  are  isodisomic  rather  than 
monosomic  (deleted)  is  lacking.  In  these  cases  the  LOH  breakpoints  are  either  not  clustered  but  are 
unique  in  each  tumor  or  are  poorly  defined  due  to  insufficient  marker  analysis.  An  extensive  review  of 
LOH  studies  in  many  tumor  types  revealed  only  a  single  report  of  two  retinoblastomas  with  interstitial 

LOH  where  densitometry  of  Southern  blots  demonstrated  disomy  at  the  relevant  loci35.  These  tumors 
had  different  LOH  breakpoints.  The  occurrence  of  interstitial  isodisomy  in  retinoblastomas  reappears  in 
the  literature  in  a  particularly  intriguing  study  that  screened  74  retinoblastomas  with  LOH  at  RBI  with 

polymorphic  markers  across  the  region36.  This  study  found  that  LOH  occurred  by  nondisjunction 
(55%),  by  a  single  mitotic  recombination  event  (39%),  and  by  apparent  triple  recombination  events 
leading  to  interstitial  isodisomy  (5%,  n=4).  From  these  latter  cases  the  authors  suggested  that  negative 
interference  may  occur  in  mitotic  recombination.  However,  these  results  could  also  be  due  to  the 
imprecision  of  the  genetic  map.  Each  apparent  recombination  event  occurred  between  markers  <3  cM 
apart  and  in  some  instances  between  markers  for  which  the  order  could  not  be  resolved  with  odds  > 
1,000: 1  (ref.  44).  The  chromosome  13  map  was  constructed  with  priority  given  to  marker  density 

rather  than  marker  resolution;  only  186  meioses  were  sampled45.  This  sample  size  is  too  small  for 
accurate  estimates  of  meiotic  map  distances  for  small  recombination  fractions.  This  is  demonstrated 
most  elegantly  in  a  comparison  of  the  sex-averaged  meiotic  map  and  the  DNA  sequence  of  chromosome 
21 .  Under  the  assumption  that  the  DNA  sequence  contig  is  correct,  20%  (13/64)  of  markers  are 
incorrectly  ordered  on  the  genetic  map;  these  markers  mapped  at  small  recombination  fractions  of  4  cM 
or  less  from  their  flanking  markers46. 

Clustering  of  LOH  breakpoints 

Although  each  of  the  breakpoint  marker  intervals  represent  only  about  5-8%  of  the  genetic  length  of 
chromosome  17  (Figure  2),  their  precise  physical  length  awaits  the  completion  of  the  chromosome  17 
sequence.  The  sequence  working  draft,  however,  provides  evidence  that  supports  clustered 
recombination  breakpoints.  BLAST  analysis  of  the  working  draft  sequence 
(http ://www. ncbi . nlm. nih, gov/blast/blast . csi? Jform=0.  accessed  10/5/00)  revealed  that  D17S33, 
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D17S1878,  and  D17S975  all  map  to  BAC/PAC  clones  in  contig  ctgl5917  within  about  1800  kb  of  one 
another  (http://genome.wust!. edu:8021/pub/gscl/fpc  files/freeze  2000  06  1 5/MAP/ 17map).  These 
data  define  a  -1800  kb  region,  or  about  1%  of  the  physical  length  of  the  chromosome,  as  the  location  of 
the  centromeric  recombination  event  in  the  leukemias  of  patients  1,  4,  and  5.  Lack  of  informative 
markers  precludes  determining  if  the  recombination  events  in  other  leukemias  also  map  in  this  region 
(Figure  2).  Similar  analysis  of  markers  in  the  telomeric  recombination  interval  revealed  that  D17S1830 
and  D17S1822  map  to  the  same  173  kb  BAC,  but  the  region  harboring  D17S928  is  yet  to  be 
sequenced. 

Why  might  mitotic  recombination  be  favored  at  these  small  chromosomal  intervals  in  the  ancestral 
leukemic  clone?  Perhaps,  these  intervals  harbor  recombination  hotspots.  Recently,  meiotic 
recombination  hotspots  were  identified  in  the  paralogous  NF1REP  elements  that  flank  the  NFJ  gene 
(ref.  20  and  Dorschner  et  al.,  unpublished  data).  Interestingly,  the  microdeletions  in  the  leukemias  of 

patients  9  and  10  are  similar  in  location  and  extent  to  NFIREP-mediated  germline  microdeletions19. 
Whether  both  meiotic  and  mitotic  microdeletions  occur  by  a  similar  mechanism  awaits  the  development 
of  a  junction  fragment  assay.  Paralog-mediated  recombination  is  a  plausible  explanation  for  the 
apparent  clustering  of  recombination  events  in  the  leukemias  with  isodisomy.  There  are  multiple 
families,  each  with  multiple  members,  of  paralogs  on  chromosome  17  that  mediate  rearrangements. 

These  include  at  least  8  members  of  the  NF1REP  family19,  along  with  the  CMT1  A-  and  SMS-REP 
family  of  elements  that  mediate  duplication  and  deletion  events  that  cause  Charcot-Marie-Tooth  1  A, 

hereditary  neuropathy  with  liability  to  pressure  palsies,  and  Smith-Magenis  syndrome4^-49  Although 
they  are  known  to  occur  by  either  unequal  crossing  over  between  chromosomes  or  by  an 
intrachromosomal  “looping  out”  19,20,49,50^  why  these  regions  are  predisposed  to  homologous 
recombination  is  not  known.  Perhaps  these  elements  harbor  motifs  that  are  prone  to  double  strand 
breaks,  which  stimulate  homologous  recombination  in  mammalian  cells  by  several  orders  of 

magnitude5 

Malignant  myeloid  leukemia  in  children  with  NF1 

Are  the  LOH  patterns  similar  simply  because  recombination  is  favored  in  certain  regions  or  do  they 
reflect  the  expression  of  loci  or  effects  of  mutagenic  agents  that  may  contribute  to  the  development  of 
malignant  myeloid  leukemias  in  children  with  NF1?  Perhaps  biallelic  expression  of  a  gene  (or  genes)  on 
the  q  arm  is  essential  for  the  clonal  proliferation  of  neurofibromin-deficient  hematopoietic  cells. 
Therefore,  LOH  patterns  at  NF1  are  restricted  to  either  a  1-2  Mb  interstitial  deletion  or  a  large 
isodisomic  segment  of  the  q  arm.  This  would  predict  that  different  chromosome  17  LOH  regions  and 
mechanisms  would  be  found  in  NF1 -associated  solid  tumors.  To  date,  such  analyses  have  not  used  a 
sufficient  number  of  loci  to  test  this  prediction.  We  detected  no  correlations  between  extensive 
isodisomy  or  confined  deletions  and  a  parent  of  origin  effect,  leukemia  type,  or  disease  course.  Thus, 
our  data  do  not  provide  a  simple  explanation  for  the  relative  increase  in  the  risk  of  leukemia  in  sons  who 

inherit  ISTFl  from  their  mothers^1.  There  are  no  known  imprinted  genes  on  human  chromosome  17  nor 
on  mouse  chromosome  11,  which  carries  all  the  syntenic  sequences  with  the  exception  of  a  handful  of 

loci  that  are  scattered  among  other  mouse  chromosomes55.  Recently,  noncontiguous  loci  showing 
LOH  were  observed  in  a  kidney  cell  line  treated  with  hydrogen  peroxide,  suggesting  that  oxidative 

damage  can  induce  complex  LOH  patterns  that  are  unrelated  to  tumor  suppressor  gene  inactivation54. 
Whether  oxidative  damage  increases  the  mitotic  recombination  rate  or  plays  a  role  in  development  of 
the  leukemias  studied  here  is  unknown. 
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Broad  implications 

A  broad  implication  of  our  study  is  that  interstitial  isodisomy  may  be  a  frequent  but  previously 
unrecognized  mechanism  in  human  cancers.  Previously,  most  LOH  studies  of  tumors  were  restricted  to 
a  particular  chromosomal  region  or  arm  and  used  a  relatively  low  marker  density,  of  which  only  a  subset 

were  informative.  Mei  et  al.^5  determined  that  in  17  “genome- wide”  LOH  studies  over  the  past  5 
years,  the  average  number  of  polymorphic  microsatellite  loci  analyzed  was  120,  with  280  loci  being  the 
greatest  number  (average  distribution  of  about  27  cM  and  12  cM,  respectively).  Therefore,  regions  of 
interstitial  LOH  could  have  gone  undetected  or,  if  detected,  were  assumed  to  result  from  deletion.  It  is 
a  common  mistake  to  equate  LOH  with  chromosomal  deletion.  Recently,  automated  allelotyping  and 
the  use  of  single  nucleotide  polymorphisms  and  high-density  arrays  are  being  employed  for  high 

resolution  analysis  of  allelic  losses  and  gains  in  tumors^,  56  interestingly,  a  study  of  chromosome  3p 
in  lung  cancer  revealed  multiple  discontinuous  regions  of  LOH,  however,  it  is  not  known  if  these  result 

from  deletion  or  interstitial  isodisomy^^.  Such  high  resolution  studies  will  benefit  greatly  from  the 
human  genome  sequence,  which  will  determine  the  precise  order  of  markers  for  an  accurate  evaluation 
of  mitotic  recombination  events.  Regions  of  LOH  associated  with  partial  or  interstitial  isodisomy  will 
appear  normal  when  analyzed  by  comparative  genomic  hybridization,  making  this  approach  of  limited 
use  for  cancers  where  LOH  preferentially  results  in  isodisomy.  It  is  noteworthy,  that  we  found  only  a 
single  report  of  germline  interstitial  isodisomy^  whether  this  is  a  reflection  of  low  density  marker 
studies  or  the  rarity  of  such  events  is  unclear. 

By  combining  LOH  studies  in  tumors  with  cytogenetic  and/or  molecular  analyses  to  measure  gene 
copy  number,  we  have  identified  interstitial  isodisomy  for  a  common  60  Mb  segment  of  chromosome 
17q  as  a  novel  mechanism  of  LOH  at  the  NF1  locus.  In  addition,  the  apparent  clustering  of  both 
isodisomic  and  deletion  breakpoints  implies  the  presence  of  regions  prone  to  mitotic  recombination. 
Sequence  analysis  and  tissue  specificity  of  such  putative  hotspots  would  contribute  significantly  to  the 
poorly  understood  mechanism  of  mitotic  recombination  in  mammals.  Together,  LOH  and  copy  number 
analyses  provide  the  opportunity  to  detect  unique  genetic  mechanisms  of  somatic  mutation,  mitotic 
recombination-prone  sites,  putative  modifying  or  imprinted  genes,  and/or  correlations  between  tumor 
genotype  and  neoplastic  transformation.  In  addition,  mono-  or  bi-allelic  expression  from  a  locus  (loci), 
other  than  the  tumor  suppressor  gene  itself,  could  affect  the  efficacy  of  putative  therapeutic  agents. 
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METHODS 

Patients.  Clinical  descriptions,  LOH  and  NFl  mutation  analyses  have  been  reported  previously  for 
most  of  the  patients  9,12,21  Selected  demographic  and  laboratory  data  are  summarized  in  Table  1. 

NFl  gene  dosage  assay.  The  NFJ  gene  dosage  assay  is  a  quantitative,  competitive  PCR  adapted  from 

the  method  of  Celi  et  al.^9  and  performed  as  described  previously6®.  Briefly,  it  measures  the  copy 
number  of  a  segment  of  NFJ  exon  32  in  genomic  DNA  by  quantitating  the  amount  of  PCR  product 
relative  to  that  of  a  competitively  amplified  segment  of  a  disomic  control  locus  (APP  on  chromosome 
21).  Validation  of  the  assay  on  genomic  DNA  from  leukocytes  demonstrated  that  disomy  gave  NFl 
gene  dosage  values  of  0.98  ±  0.08  S.D.,  while  monosomy  (cells  from  subjects  with  germline  NFl 
microdeletions)  gave  values  of  0.45  +  0.04  S.D.  (S.D.,  one  standard  deviation).  To  approximate  a  95% 
confidence  interval,  values  indicative  of  germline  disomy  or  monosomy  were  set  at  the  mean  ±  2  S.D. 
Therefore,  NFl  dosage  values  for  disomy  are  0.82  -  1.14  and  for  monosomy  are  0.37  -  0.53. 

Fluorescence  In  Situ  Hybridization.  Metaphase  chromosome  preparations  of  immortalized 
lymphoblastoid  cells,  derived  from  the  malignant  clone  of  patient  no.  1,  were  prepared  and  hybridized  as 

described  previously16.  The  bacteriophage  PI  probe  Pl-12,  contains  ~55  kb  of  sequence  from  NFl 

intron  27b16.  BAC  clone  1000G21  was  identified  by  hybridization  of  the  amplified  product  of  the 
D17S928  locus  (http://gdbwww.gdb.org/)  to  filter  arrays  of  the  RPCI-11  human  male  BAC  library, 
segment  4  (Roswell  Park  Cancer  Institute,  Buffalo,  NY).  Hybridization  signals  were  detected  using  a 
commercial  system  (Vector).  Chromosomes  were  banded  using  Hoechst  33258-actinomycin  D  staining 
and  counterstained  with  propidium-iodide  and  signals  visualized  by  fluorescence  microscopy  using  a 
dual  band  pass  filter  (Omega). 

Cryopreserved  bone  marrow  samples  were  thawed  and  cultured  at  lxl 06  cells/ml  for  24  hr  (90% 
RPMI  1640/10%  fetal  bovine  serum,  100  U/ml  penicillin,  100  pg/ml  Streptomycin,  10  mM  HEPES)  at 
37°C  in  95%  air/5%  C02.  Following  incubation,  the  cells  were  exposed  to  hypotonic  KC1  (0.75  M,  8 
min,  37°C),  fixed  in  absolute  methanokglacial  acetic  acid  (3:1),  and  air  dried  on  slides.  NFJ  probes 
were  PI  bacteriophage  clone  PI -9,  which  spans  ~65  kb  of  the  NFl  gene  including  exons  2-11,  and 
clone  Pl-12  (ref.24).  Centromere-specific  probes  for  chromosomes  7  and  17  (CEP®7-Spectrum 
Green™  and  CEP®  17-Spectrum  Green™,  Vysis,  Inc.,  Downer's  Grove,  IL),  and  the  PAC  clone  P263P1 
(Genome  Systems  Inc.,  St.  Louis,  MO),  were  hybridized  as  controls.  P263P1  was  isolated  by  screening 
the  PAC  library  using  primers  for  D5S479,  and  contains  an  insert  of  70  kb  derived  from  5q3 1 .  Labeled 
probes  were  prepared  by  nick-translation  using  Bio-1 1-dUTP  (Enzo  Diagnostics,  New  York,  NY)  or 
digoxigenin-1 1-dUTP  (Boehringer  Mannheim,  Indianapolis,  IN).  Interphase  FISH  was  performed  as 
described  previously61.  Hybridization  of  probes  labeled  with  either  biotin  or  digoxigenin  was  detected 
with  fluorescein-conjugated  avidin  (Vector  Laboratories,  Burlingame,  CA)  and  rhodamine-conjugated 
anti-digoxigenin  antibodies  (Boehringer  Mannhein),  respectively.  Nuclei  were  counterstained  with  4,6,- 
diamidino-2-phenylindole-dihydrochloride  (DAPI).  The  slides  were  randomized  and  examined  by  two 
observers  in  a  blinded  fashion,  with  500  cells  scored  by  each  observer  for  each  probe.  The  distribution 
of  hybridization  signals  per  nucleus  for  the  CEP®  17  probe  was  determined  in  bone  marrow  cells  from 
healthy  control  individuals  (N=10,  Table  2). 
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Mapping  LOH  regions.  Polymorphic  loci  were  genotyped  by  PCR  amplification  as  described  9,62 
(http://gdbwww.gdb.org/).  LOH  at  the  NF1  locus  was  evaluated  by  PCR  analysis  of  at  least  one 
informative  intragenic  site  including  exon  5,  intron  27B  Alul/Alull,  and  intron  38  (ref.  3 1).  LOH  was 
determined  by  comparing  the  locus  genotype  in  the  patient's  tumor  DNA  to  that  of  peripheral  blood 
DNA  of  the  patient's  parents.  For  patients  no.  1,  4,  5,  9,  and  10  normal  tissue  or  an  EBV-transformed 
cell  line  was  available  to  confirm  a  constitutional  genotype  that  included  biparental  inheritance  of  NF1 
alleles2R63  Segregation  of  alleles  from  parents  to  child  for  multiple  informative  loci  on  autosomes 
other  than  17  was  consistent  with  parentage  as  stated  for  each  case  (data  not  shown).  Genetic  distances 
are  from  the  chromosome  1 7  sex-averaged  map  of  the  Center  for  Medical  Genetics,  Marshfield  Medical 
Research  and  Education  Foundation  (http://www.marshmed.org/genetics/). 
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FIGURE  LEGENDS 

Figure  1.  LOH  at  chromosome  17  loci  in  leukemic  cells.  Selected  examples  of  LOH  analysis  in  the 
tumor  of  patient  1  are  shown.  The  loci,  arranged  in  their  unique  order  on  the  q  arm  of  chromosome  17, 
document  the  interstitial  nature  of  the  LOH  region.  The  flanking  loci  D17S33  and  D17S928  retained 
heterozygosity,  while  intervening  loci  lost  the  paternal  allele. 

Figure  2.  LOH  at  chromosome  17  loci  in  malignant  myeloid  cells  of  children  with  NF1.  For  each 
patient,  a  schematic  of  the  chromosome  17  homolog  that  showed  LOH  is  depicted.  For  patients  1-3, 
and  8  the  maternal  homolog  is  shown  with  the  region  of  paternal  isodisomy  shaded.  For  patients  4-7, 
the  paternal  homolog  is  shown  with  the  region  of  maternal  isodisomy  shaded.  Hatched  marks  designate 
regions  where  a  lack  of  informative  loci  precluded  determining  if  the  LOH  region  was  interstitial  in 
nature.  For  patients  9  and  10,  the  deleted  regions  are  shaded  with  their  parental  origin  indicated  below. 
Loci  that  were  informative  in  each  patient  are  designated  with  a  dash  to  the  left  of  the  chromosome;  loci 
that  were  tested  but  not  informative  are  not  shown  on  the  figure.  Genetic  map  not  drawn  to  scale,  see 
marker  intervals  in  cM  on  the  right.  Locus  order  and  distances  are  from  a  sex-averaged  genetic  map 
(http://www.marshmed.org/genetics/)  and  from  the  analysis  of  a  panel  of  somatic  cell  hybrids  carrying 
segments  of  chromosome  17  (ref.  24,31,33).  The  unique  order  of  q  proximal  loci  D17S1294,  UT172, 

NF1,  and  D17S1800  have  been  confirmed  by  physical  mapping1 9>64.  The  unique  order  of  other  closely 
linked  markers  at  q  proximal  (D17S959;  D17S33,  D17S1878,  D17S975)  and  q  distal  (D17S836, 
D17S1806,  D17S1822,  D17S1930)  cannot  be  determined  due  to  the  small  sample  size  (188  meioses) 
used  to  construct  this  meiotic  map 

(http://research.marshfieldclinic.org/genetics/Map  Markers/maps/IndexMapFrames.html). 

Figure  3  (a-d).  Fluorescence  in  situ  hybridization  of  tumor  cells.  Metaphase  spreads  of  immortalized 
lymphoblastoid  cells  of  the  malignant  clone  of  patient  1  were  hybridized  with  (a)  NF1  probe  Pl-12  and 
(b)  BAC  clone  1000G21  containing  the  locus  D17S928.  Each  of  20  metaphase  cells  examined  had 
signals  on  both  chromosome  17  homologues,  consistent  with  disomy  at  each  locus.  As  expected,  FISH 
of  cells  from  a  known  NF1  hemizygous  individual  with  the  probe  Pl-12  showed  48  of  50  metaphases 
with  signals  on  only  one  chromosome  17  homologue  (data  not  shown).  The  chromosome  17  homologs 
were  identified  by  the  Hoechst/actinomycin  D  staining,  which  reveals* a  Q-banding  like  pattern,  (c) 
Dual-color  FISH  performed  by  co-hybridizing  a  digoxigenin-labeled  NF1  probe  (Pl-12),  detected  with 
rhodamine-conjugated  anti-digoxigenin  antibodies),  and  an  a-satellite  probe  specific  for  the  centromere 
of  chromosome  7  (CEP®  7)  revealed  monosomy  7  and  disomy  for  the  NF1  gene  in  bone  marrow  cells 
from  patient  3.  (d)  FISH  analysis  of  myeloid  leukemia  cells  with  NF1  (red  triangle)  and  control  probes. 
Probe  263P1  is  a  70  kb  PAC  clone  containing  D5S479  (5q3 1)  (yellow  squares).  CEPR17  is  a 
centromere-specific  probe  for  chromosome  17  (green  circles),  and  CEPR7  is  a  centromere-specific 
probe  for  chromosome  7  (blue  diamond).  Cl  is  a  cryopreserved  bone  marrow  sample  from  a  patient 
with  AML-M4  in  complete  remission.  Control  samples  C2-C5  are  cryopreserved  bone  marrow 
samples  from  4  children  with  myeloid  leukemias  that  retained  heterozygosity  at  the  NF1  locus.  The 
mean  distribution  of  signals  (p)  for  the  chromosome  17  centromere-specific  probe  was  determined  by 
the  interphase  analysis  of  bone  marrow  cells  from  10  healthy  individuals. 

Figure  4.  LOH  patterns  and  mechanisms  in  leukemic  cells  of  children  with  NF1 .  (a)  The  two  different 
patterns  of  LOH  observed  in  the  tumors  analyzed  are  depicted.  The  interstitial  isodisomic  and  deleted 
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regions  can  be  of  maternal  or  paternal  origin,  (b)  A  possible  mechanism  for  double  mitotic 
recombination  during  S/G2  leading  to  interstitial  isodisomy  in  a  progenitor  cell.  In  this  example,  the 
germline  maternal  homolog  carries  the  inactivated  NF1  allele  (X)  and  the  paternal  homolog  the  normal 
NF1  allele  (////). 
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Table  1.  NF1  gene  dosage  in  bone  marrows  ofNFl  children  with  malignant  myeloid  disorders. 


Patient 

No. 

Sex 

Age  at 

Onset 

Diagnosis 

Origin  of 

NFJ  mutation 

LOHat 

NFJ  Locus 

NF1  Gene 

Dosage  Value3,15 

Predicted  NF1 

Gene  Copy  No.a 

1 

M 

9  mo 

MPS 

de  novo 

maternal 

0.99 

disomy 

2 

M 

10  mo 

AML 

paternal 

maternal 

0.93 

disomy 

3 

M 

24  mo 

monosomy  7 

unknown 

maternal 

0.96 

disomy 

4 

M 

14  mo 

JMML 

maternal 

paternal 

0.86 

disomy 

5 

F 

30  mo 

JMML 

maternal 

paternal 

0.94 

disomy 

6 

M 

10  mo 

JMML 

maternal 

paternal 

0.87 

disomy 

7 

M 

5  mo 

monosomy  7 

maternal 

paternal 

0.90 

disomy 

8 

F 

18  mo 

MPS 

paternal 

maternal3 

0.85 

disomy 

9 

M 

5yr 

JMML 

maternal 

paternal 

0.57 

monosomy 

10 

M 

19  mo 

monosomy  7 

de  novo 

maternal3 

0.48 

monosomy 

aData  from  this  study. 

b  Measured  in  unfractionated  bone  marrow  cells,  except  patients  3,  9  for  whom  leukemic  cells  in  peripheral  blood  were 
used. 


Tabic  2.  Interphasc  fluorescence  in  situ  hybridization  analysis  of  bone  marrow  samples. 


Patient^ 

Chr.  17 

Number  of  Hybridization  Signals 

Control* 

Number  of  Hybridization  Signals 

" 

0 

1 

2 

;> 

>4 

0 

1 

2 

3 

>4 

3 

Cep®  17 

0 

6 

87 

3 

4 

Cep®7 

0 

88 

12 

0 

0 

1 

Pl-12 

1 

13 

80 

6 

0 

263P1 

0 

9 

88 

2 

4** 

Cep®  17 

0 

88 

12 

0 

0 

92 

0.6 

0 

Pl-12 

0.5 

13 

78 

8 

0.5 

263P1 

0.4 

7 

5 

Cep®  17 

0 

88 

12 

0 

0 

93 

0.5 

1.5 

Pl-12 

0.4 

6 

90 

2.6 

1 

263P1 

0.2 

4.8 

6** 

Cep®  17 

0 

88 

12 

0 

0 

84 

0 

1 

Pl-12 

1 

9 

76 

12 

2 

263P1 

0 

15 

10 

Cep®  17 

0 

88 

12 

0 

0 

97 

0 

0 

Pl-12 

4 

29 

67 

0 

0 

263P1 

0 

-  *  3 

Cl+ 

Cep®  17 

0 

88 

12 

0 

0 

90 

1.5 

1.5 

Pl-12 

2 

5 

89 

2 

2 

263 PI 

0 

7 

C2f 

Cep®  17 

0 

88 

12 

0 

0 

88 

1.4 

Pl-12 

0.5 

7 

86 

5 

1.5 

263P1 

1.6 

6 

3 

C3+ 

Cep®  17 

0 

88 

12 

0 

0 

8 

89 

1 

Pl-12 

0 

9 

85 

3.4 

2.6 

263P1 

0 

2 

C4+ 

Cep®  17 

0 

88 

12 

0 

0 

17 

82 

0 

Pl-12 

0.5 

9.5 

85 

4 

1 

263P1 

0.5 

0.5 

C5f 

Cep®  1 7 

0 

88 

12 

0 

0 

96 

0.8 

0.2 

Pl-12 

0 

5 

94 

1 

0 

263P1 

0 

3 

Control' 

Cep®  1 7 

0 

88 

12 

0 

0 

N=10 

Mean 

0.15 

4.5 

95 

0.24 

0.15 

S.D. 

0.19 

0.79 

0.83 

0.25 

0.16 

♦Probe  263P1  is  a  70  kb  PAC  clone  containing  D5S479  (chromosome  band  5q31  ;  Cep®  17  and  Cep®7  are 


centromere-specific  probe  for  chromosomes  17  and  7,  respectively.  "Patients  no.  3-6,  and  10  are  described  in 
Tabic  1.  Cl  is  a  cryoprcscrvcd  bone  marrow  sample  from  a  patient  with  AML-M4  in  complete  remission.  C2-Cs  are 
cryopreserved  bone  marrow  samples  from  4  children  with  myeloid  leukemias  that  retained  heterozygosity  at  the 


NF1  locus.  **FISH  of/VV'7  probe  PI -9  revealed  two  signals  in  86%  (patient  4)  and  95%  (patient  6)  of  cells  examined. 
’The  distribution  of  signals  for  the  chromosome  17  centromere-specific  probe  was  determined  by  the 
interphase  analysis  of  bone  marrow  cells  from  10  healthy  individuals. 


Table  3.  Genetic  mechanisms  leading  to  somatic  inactivation  of  tumor  suppressor  genes 
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